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5.  ABSTRACT:  (SPECIFIC  AIMS)  (Maximum  of  200  words) 

ANIMAL  PROJECT:  The  SPECIFIC  AIMS  of  this  study  are  to  demonstrate  and  explore 
mechanisms  for  preventing  the  effects  of  intense  sound.  In  years  01,  02,  03  we  discovered  that 
continuous,  ipsilateral  sound  stimulation  (CM-LIPS)  will  produce  complex  changes  in  the  mechanics 
of  the  cochlea.  In  year  04  we  obtained  additional  evidence  that  ATP  is  involved  in  generating  this 
mechanics.  We  completed  the  noise  exposure  studies  and  found  that  continuous  noise  is  less  effective 
than  interrupted  noise  in  inducing  "toughening".  Cellular  mechanism  studies  discovered  that  ATP 
is  not  only  a  cytotoxin  but  also  a  mitogen,  indicating  that  ATP  may  be  a  key  player  in  noise-induced 
deafness,  "toughening"  and  cell  growth. 

HUMAN  PROJECT:  We  have  found  that  binaural  noise  suppresses  linear  click  evoked 
emissions  twice  as  much  as  ipsilateral  noise  and  3  times  as  much  as  contralateral  noise.  However, 
of  39  subjects  enrolled  and  30  completely  tested  so  far  in  the  multi-day  protocol,  subjects  with  noise 
exposure  effects  at  higher  frequencies  show  LESS  suppression  to  clicks  in  the  left  ear  than  do 
subjects  with  no  hearing  loss.  This  may  support  the  original  hypothesis  in  this  program  that  "Noise 
Tender  Ears"  will  show  different  emission  suppression  patterns  from  ears  that  are  tough  and  supports 
the  observation  that,  in  general,  males  tend  to  show  more  left  ear  noise  trauma  than  right  ear  noise 


trauma. 
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6.  INTRODUCTION  (Hypothesis):  The  following  text  is  approximately  the  same  as  in  the 
Progress  Reports  for  years  #  01-  #  03.  The  nature  of  the  problem  that  this  proposal  addresses  is  that 
soldiers  may  be  exposed  to  intense  noise  hazards  which  will  affect  their  hearing.  The  hypothesis  to 
be  tested  is  that  noise  induced  hearing  loss  can  be  prevented  or  attenuated. 

The  animal  experimental  literature  demonstrates  that  chronic  low  level  sound  will 
"toughen"  ears  so  subsequent  intense  noise  will  induce  less  damage  (e.g.,  Canlon  et  al.,  1988;  Campo 
et  al.,  1991;  Franklin  et  al.,  1991).  One  hypothesis  regarding  this  phenomena  is  that  low  level  sound 
activates  inhibitory  cholinergic  efferents  that  reduce  the  effects  of  intense  sound  by  attenuating 
cochlear  partition  motion.  Alternatively,  there  may  be  down-regulation  of  a  protein  that  has  a  role 
in  noise  induced  hearing  loss.  ATP  may  be  released  together  with  ACh  from  the  efferents.  In  years 
#02  -  #04  we  obtained  data  indicating  that  the  neurotransmitter,  ATP,  may  play  a  major  role  in  noise 
effects  in  the  cochlea  because  we  demonstrated  that  the  ATP  receptor  on  OHCs  may  be  down- 
regulated  during  noise  exposure  (Chen  et  al.,  1995).  ATP  may  be  a  major  player  in  the  effects  of 
toughening  because  it  has  powerful  effects  on  the  OHCs  and  supporting  cells  and  ATP  is  known  to 
induce  cell  death  (Bobbin,  1996;  Eybalin,  1993;  Kujawa  et  al.,  1994b;  Valera  et  al.,  1994).  If  it  can 
be  shown  that  ATP  induces  cell  death  in  the  cochlea  then  evidence  for  a  role  for  ATP  in  noise- 
induced  hearing  loss  will  be  obtained. 

The  human  experimentation  program  was  proposed  to  develop  emission-based 
tests  to  detect  abnormal  cochlear  function  rapidly  and  accurately  (Berlin,  1996;  Berlin  et  al.,  1995, 
1993).  The  procedure  offers  the  equivalent  of  a  non-invasive  acoustic  microscope  to  analyze  the 
integrity  of  the  OHCs;  this  is  an  important  tool  since  OHC  damage  is  always  seen  in  humans  who 
have  suffered  noise  damage.  The  hypothesis  is  that  "noise  tender"  ears  that  are  particularly 
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susceptible  to  noise  damage  will  show  different  emission  suppression  patterns  from  ears  that  are 
"tough". 

Our  intention  remains  to  study  100  musicians,  military  and/or  industrial  workers  who 
have  had  matched  exposures  to  noise  in  an  efferent  suppression  paradigm.  Before  starting  the  final 
design  of  this  study  we  laid  basic  parametric  groundwork  relative  to  the  nature  of  the  stimuli,  their 
delivery  (whether  clicks  or  tones,  whether  binaural,  contralateral  only,  or  ipsilateral),  the  echo 
analysis,  and  whether  there  are  any  pertinent  gender  and  ear  differences  which  have  to  be  entered  into 
the  final  subject  selection. 

In  summary,  in  animals  we  will  test  the  hypothesis  that:  (1)  the  impact  of  noise  on 
hearing  can  be  lessened;  (2)  certain  classes  of  drugs  may  prevent  (or  exacerbate)  noise-induced 
hearing  loss.  In  human  subjects,  we  will  explore  the  concept  that  some  individuals  are  more  or  less 
susceptible  to  noise  damaging  effects.  We  will  describe  those  populations  to  determine  the  basis  of 
this  "toughness"  or  susceptibility  to  damage  from  noise.  We  will  examine  whether  the  techniques 
which  we  may  discover  aid  in  preventing  noise-induced  hearing  loss  in  soldiers. 

7.  BODY  (STUDIES  AND  RESULTS  CONDUCTED  UP  TO  AND  DURING  THE 
CURRENT  BUDGET  YEAR  04): 

ANIMAL  PROJECT:  In  years  #01  -  #04  we  have  continued  to  carry  out  acute  and  chronic 
experiments.  In  brief,  the  acute  experiments  focus  on  the  effects  of  ipsilateral  sound  on  the 
mechanics  of  the  cochlea,  and  studies  of  single  cells  in  the  whole  cell  voltage  clamp  configuration; 
and  the  chronic  experiments  examine  "toughening"  in  the  intact  animal.  These  experiments  follow 
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directly  our  stated  specific  aims  for  years  #01,  #02,  #03  and  #04  and  the  first  three  TECHNICAL 
OBJECTIVES:  to  extend  studies  which  demonstrate  that  contralateral,  ipsilateral,  or  "toughening" 
sound  will  prevent  the  effects  of  intense  noise,  to  test  the  role  of  the  efferents,  and  to  explore  cellular 
mechanisms. 

The  methods  were  described  (Kujawa  et  al.,  1992;  1993;  1994a;  year  #01  progress 
report;  Appendix  2  and  3).  Briefly,  guinea  pigs  are  anesthetized  (urethane:  1.5  gm/kg)  and 
tracheotomized.  ECG  is  monitored  and  temperature  maintained  at  38°  ±  1°C.  The  right  auditory 
bulla  is  exposed,  opened  and  tendons  of  the  middle  ear  muscles  are  sectioned.  For  drug  application 
to  the  cochlea,  holes  are  placed  in  the  cochlear  basal  turn:  one  in  scala  tympani  for  the  introduction 
of  perfusates  and  one  in  scala  vestibuli  to  allow  fluid  escape.  Perfusates  are  introduced  into  scala 
tympani  at  approximately  2.5  pl/min  for  10  min  through  a  pipette  coupled  to  a  syringe  pump. 
DPOAEs  (2frf2  &  fj-li )  are  recorded  in  response  to  primary  stimuli  (£/£=1.2)  delivered  to  the  right 
ear  of  each  animal  by  an  acoustic  probe/hollow  ear  bar  assembly.  Acoustic  signals  present  within  the 
canal  are  detected  by  a  microphone  system  (Etymotic  Research,  ER-10)  contained  within  the  probe. 
Microphone  output  is  directed  via  a  preamplifier  (Etymotic  Research,  ER-1072)  to  a  signal  analyzer 
(Hewlett  Packard  3561A).  To  extract  the  DPOAE  from  the  canal  spectrum,  the  signal  is  sampled, 
digitized  and  submitted  to  Fast  Fourier  Transform  (FFT)  analysis.  The  resulting  spectrum  is  averaged 
(over  25  samples)  and  displayed  at  the  spectrum  analyzer  (1  kHz  window,  3.75  Hz  BW).  DPOAE 
amplitude  is  defined  as  the  spectral  peak  corresponding  to  the  DPOAE  frequency.  The  contralateral 
stimulus  is  a  wideband  noise  with  an  overall  level  of  70  dB  SPL  and  flat  from  0.9  to  15.8  kHz. 

The  acute  experiment  examined  the  influence  of  continuous,  moderate-level  (60  dB 
SPL)  ipsilateral  primary  stimulation  (CM-LIPS)  on  the  f2-f,  DPOAE  at  1.25  kHz  (quadratic).  The 
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stimulation  and  response  monitoring  protocols  consisted  of  quiet  for  15  min,  then  turning  the 
primaries  on  for  9  min,  off  for  1  min  and  then  on  for  an  additional  3  min.  CM-LEPS  resulted  in  a 
complex  change  in  the  magnitude  of  f2-fj  (see  Appendix  2,  3,  4,  8  and  21  for  publications).  In 
previous  years,  we  ruled  out  the  efferent  nerves  as  contributors  to  CM-LIPS  (year  #01,  Kujawa  et 
al.,  1995;  Appendix  2)  and  described  the  role  of  calcium  (year  #02,  Kujawa  et  al.,  1996;  Appendix 
3).  In  year  #03  and  #04  we  continued  to  explore  mechanisms  for  the  CM-LEPS -induced  alteration 
in  cochlear  mechanics.  We  made  a  series  of  major  discoveries:  both  ATP  antagonists,  suramin  and 
PPADS,  blocked  the  decrease  in  the  quadratic  DPOAE  during  CM-LIPS(Skellett  et  al.,  1997a, 
Appendix  8;  Chen  et  al.,  1997b,  Appendix  10;  Bobbin  et  al.,  1997a,  Appendix  11).  Our  hypothesis 
is  that  ATP  is  slowly  released  during  CM-LEPS  and  produces  the  changes  observed  in  the  quadratic 
DPOAE.  This  is  in  harmony  with  results  in  year  #02  indicating  that  there  is  an  apparent  down- 
regulation  of  ATP  receptors  during  "toughening"  (Chen  et  al.,  1995;  Appendix  1). 

In  year  #04,  in  the  chronic  experiment,  we  finished  the  study  described  previously 
which  used  a  "toughening"  noise  that  was  more  intense  (than  the  65  dB  SPL  rms,  A-scale  used  in  year 
#02;  Skellett  et  al.,  1996a;  Appendix  5)  in  order  to  test  whether  toughening  occurs  with  the  intense 
sound.  In  addition,  we  compared  the  effects  of  continuous  vs.  interrupted  exposures  of  equal 
acoustic  energy  (experiment  #3  in  the  original  proposal).  The  results  show  that  although  both 
exposures  studied  had  equal  acoustic  energy,  the  interrupted  noise  exposure  was  significantly  less 
damaging  to  the  cochlea  than  the  continuous  noise.  In  addition,  we  tested  whether  these  sounds 
induce  toughening  as  monitored  by  a  decrease  in  the  effects  of  a  subsequent  intense  sound  exposure. 
The  results  suggest  that  overall,  there  were  significant  differences  in  the  degree  of  protection 
provided  by  prior  exposure  to  moderate-level  continuous  vs.  interrupted  toughening  sounds.  There 
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was  protection  afforded  by  the  interrupted  noise  protocol,  however,  the  frequency  region  where 
protection  occurred  was  limited  to  the  region  above  that  of  the  noise  exposure  band.  Such  results 
have  not  been  reported  previously  and  may  lead  to  new  understanding  of  the  toughening  phenomena. 
There  was  a  lack  of  protective  effect  across  the  entire  test  frequency  range  when  the  continuous  noise 
protocol  was  used  as  the  moderate-level  toughening  exposure.  The  results  have  been  submitted  for 
publication  and  have  been  revised  according  to  the  reviewers  comments  (Skellett  et  al.,  1997b; 
Appendix  17,  18,  20).  In  the  following  year  we  will  extend  these  findings  by  examining  for 
differences  in  the  ATP  receptors  of  animals  treated  by  this  toughening  treatment. 

To  examine  the  cellular  basis  for  these  "toughening"-induced  changes  in  the  cochlea 
(experiment  #4  in  original  application),  we  carried  out  whole  cell  voltage  clamp  recordings  from  the 
OHCs,  Deiters’  cells,  Hensen’s  cells  and  pillar  cells  (Chen  et  al.,  1997b;  Appendix  7;  Skellett  et  al., 
1997a;  Appendix  8).  During  year  04  we  published  that  rat  OHCs  do  not  respond  to  ATP  but  that 
both  rat  and  guinea  pig  supporting  cells  do  respond  to  ATP  (Chen  et  al.,  1997a;  appendix  7,  19  ). 
Interestingly,  the  rat  is  less  sensitive  to  noise-induced  hearing  loss,  possibly  indicating  that  the  rat  is 
already  toughened.  In  addition,  we  demonstrated  that  ATP  receptors  are  functionally  present  on 
pillar  cells  and  that  at  the  single  cell  level  ATP  actions  on  the  ionotropic  receptors  on  cells  in  the 
organ  of  Corti  are  blocked  by  suramin  and  PPADS  while  cibacron  acts  on  potassium  channels 
(Skellett  et  al.,  1997a;  Chen  et  al.,  1997b;  appendix  8,  10). 

During  years  #03-  #04,  we  discovered  that  application  of  ATP  to  short  term  cultured 
guinea  pig  OHCs  induced  a  loss  of  fluid  (necrosis)  and  turned  the  cells  into  membrane  ghosts.  We 
extended  this  finding  in  vivo.  Survival  of  the  animal  for  two  weeks  after  a  two  hour  ATP 
administration  to  the  cochlea  was  found  to  result  in  death  of  most  of  the  cells  in  the  cochlea  (i.e., 
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cytotoxicity)  while  simultaneously  inducing  proliferation  of  fibrocytes  (i.e.,  mitogenicity).  The  in  vivo 
and  in  vitro  results  have  been  accepted  for  publication  (Bobbin  et  al.,  1997b;  Appendix  9,  22).  Thus 
we  have  formulate  the  following  hypothesis:  that  intense  sound  releases  excessive  ATP  and  this  kills 
the  cells  of  the  cochlea;  toughening  exposures  result  in  a  down  regulation  of  ATP  receptors  and 
subsequently  less  cell  death  due  to  intense  sound  exposure. 

HUMAN  PROJECT:  The  goals  of  the  3  previous  years  have  been  completed  and  99 
subjects  have  by  now  been  tested  in  two  separate  experimental  tracks:  60  subjects  have  been  tested 
in  an  attempt  to  develop  age  and  gender  norms  for  efferent  emission  suppression,  and  39  musicians 
have  been  tested  to  date  (data  on  30  are  completed)  for  tone  burst  emission  suppression  patterns. 
However,  these  studies  all  evaluate  patients  after  the  fact  of  noise  exposure  and  reveal  data  that  are 
difficult  to  interpret  unequivocally  because  of  the  inherent  problems  in  controlling  for  levels  of  noise 
exposure  history  in  our  musicians. 

It  would  be  ideal  if  we  could  evaluate  subjects  both  before  and  after  known  and  measured 
exposure  to  better  predict  their  susceptibility  to  noise  exposure.  Therefore  a  third  experimental  track 
has  been  initiated  in  a  collaborative  effort  with  Dr.  Darrell  Wester  and  his  colleagues  of  the  US  Naval 
Base  in  San  Diego.  The  San  Diego  group  has  been  taught  our  paradigm,  given  our  proprietary 
software  and  will  test  both  pure  tone  sensitivity  and  emission  suppression  in  a  group  of  seamen  both 
before  and  after  exposure  to  the  firing  range  for  the  first  time  in  their  military  careers. 

We  have  improved  the  flexibility  of  our  Echo  Lab  system,  developed  norms  for  tone  bursts 
and  narrow  bands  of  noise,  and  completed  age  and  gender  norm  collection  in  60  subjects  age  groups 
ranging  from  10  to  80.  The  single  pulse  paradigm,  unavailable  on  any  commercial  instrument,  was 
essential  here  in  order  to  avoid  contamination  with  ipsilateral  efferent  suppression  in  which  the  first 
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click  in  a  train  interferes  with  the  amplitude  of  the  emissions  obtained  from  the  subsequent  clicks. 

We  had  already  made  the  following  important  progress  at  the  beginning  of  this  last  year: 

1.  Two  versions  of  our  unique  and  proprietary  Lab  View  system  had  been  built  and 
are  operational  collecting  data  in  binaural,  ipsilateral  and  contralateral  modes  in  a  single-pulse 
transient-evoked  format  not  otherwise  possible. 

2.  Internal  reliability  of  data  collection  over  a  three  month  period  in  excess  of  0.92. 

3.  Right  vs.  Left  ear  and  gender  differences  are  present  but  only  occasionally  reach 
statistical  significance  (Hood  et  al.  1996b). 

4.  Binaural  Noise  suppresses  linear  click  evoked  emissions  twice  as  much  as  ipsilateral 
noise  and  3  times  as  much  as  contralateral  noise  (Berlin  et  al.,  1995;  Appendix  12,  13,  14,  15,  16; 
confirmed  by  Liberman  et  al.  1996).  However,  subjects  with  noise  exposure  often  show  poor  or 
reduced  emissions  when  the  stimulus  is  a  click.  Our  proprietary  system  is  able  to  generate  transient 
tone-burst  stimuli  in  singlet  form  (in  contrast  to  the  4-at-a-time  convention  which  has  inherent 
efferent  suppression)  and  we  chose  to  us  a  1500  Hz  tone  burst  after  elaborate  and  extensive  pilot 
testing  with  various  combinations  of  tones  and  noises.  The  basic  finding  that  Binaural  noise 
suppresses  more  than  ipsilateral  or  contralateral  noise  in  a  forward  masking  paradigm  is  found  again 
using  both  the  1500  Hz  tone  bursts  and  clicks  is  as  follows  in  our  30  subjects  in  whom  data  are 
complete: 
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Table  1  Time  Data  8-18  msecs 

Mean  Suppression  updated  with  30  Subjects  completed  as  of 
September  24,  1997  (s.d.  in  parentheses) 

Note  the  uneven  numbers  in  cells;  some  subjects  generated  usable  emission  data  in  only  one  ear  but 
not  the  other,  despite  normal  audiograms,  and  most  subjects  generated  usable  tone  burst  data  in  one 
or  both  ears  but  many  (8)  could  not  produce  usable  click-emission  data. 


Click  Stimuli  1500  Hz.  Tone  Burst  Stimuli 


Binaural  , 

Ipsilateral 

Contralat. 

Binaural 

Ipsilateral 

Contralat. 

Normal 

-3.867 

-1.877 

-1.394 

-1.422 

-0.659 

-0.248 

Hearing 

(1.424) 

(1.067) 

(1.078) 

(0.710) 

(0.439) 

(0.707) 

Males 

n=ll 

n=16 

Right  Ear 

Left  Ear 

-4.096 

-1.902 

-1.607 

-1.166 

-0.653 

-0.355 

(2.408) 

(0.820) 

(1.473) 

(0.845) 

(0.802) 

(0.818) 

n=10 

n=16 

Hearing 

-3.718 

-1.759 

-1.333 

-1.354 

-.915 

-.268 

Impaired 

(1.814) 

(0.656) 

(0.597) 

(0.616) 

(0.879) 

(1.089) 

Males 

n=5 

n=8 

Right  Ear 

Left  Ear 

-2.066  ** 

-1.333 

-1.395 

-1.097 

-.593 

-.068 

(1.001) 

(0.860) 

(0.894) 

(0.971) 

(0.911) 

(0.926) 

n=4 

n=7 
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Normal 

Hearing 

Females 

N=5 

Right  Ear 

-4.835 

n=l,  no  sd 

-2.645 

-1.477 

-1.116 

(0.964) 

n=5 

-.0348 

(0.525) 

-0.292 

(0.297) 

Left  Ear 

-4.099 

-1.354 

-1.724 

-1.189 

-0.442 

-0.450 

(3.189) 

(1.021) 

(1.390) 

(1.738) 

(.821) 

(.564) 

n=3 

n=5 

In  real-world  simultaneous  noise  conditions  the  Binaural  >ipsi>contra  effect  is  at  least  three 
to  four  times  more  powerful,  but  the  reader  should  keep  in  mind  that  our  data  are  collected  in  a 
forward-masking  paradigm  in  which  the  masker  precedes  the  onset  of  the  transient  by  10  msecs. 
There  is  an  overall  trend  for  the  right  ear  to  show  more  suppression  than  the  left  ear  which  has 
appeared  periodically  in  all  of  our  experiments  to  date  but  it  is  most  pronounced  here  in  hearing 
impaired  males;  however,  the  uneven  subject  numbers  preclude  any  meaningful  statistical  assessment. 

5.  This  pattern  of  binaural  >  ipsi  >  contra  suppression  is  not  seen  in  the  few  parents 
we  have  studied  who  carry  recessive  genes  for  deafness. 

6.  This  Binaural  advantage  disappeared  in  the  normal  hearing  20  adults  over  age  60 
we  tested.  Thus,  suppression  and  emission  strength  vary  with  age,  which  has  to  be  factored  in  when 
one  uses  emission  suppression  as  a  tool  for  auditory  system  predictions. 
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7.  The  best  levels  of  suppression  occur  at  low  levels  of  noise  and  when  signals  are 
below  65  dB  SPL  ...the  cochlear  active  process  (See  summary  in:  Hood  et  al.  1996a;  Appendix  13). 

8.  Of  39  subjects  enrolled  and  30  completely  tested  so  far  in  the  multi-day  protocol, 
subjects  with  noise  exposure  effects  at  higher  frequencies  show  about  the  same  amount  of 

suppression  at  and  around  1500  Hz  as  subjects  with  no  hearing  loss;  only  the  binaural  difference  to 
clicks  in  the  left  ear  may  be  statistically  significant . 

9.  We  also  saw  a  number  of  our  subjects  who  violated  the  Binaural>ipsi>  contra 
pattern.  This  was  as  common  in  the  hearing  loss  patients  (4  out  of  9)  as  in  the  normals  (10  of  21) 
and  all  here  but  one  were  under  60. 

Liberman  and  his  colleagues  have  recently  elucidated  a  series  of  slow  vs  fast  effects  in  the 
efferent  system  which  have  different  effects  on  the  ability  of  noise  to  suppress  the  2fl-f2  distortion 
product  otoacoustic  emission  (Sridhar,  Liberman,  Brown  and  Sewell,  1995).  This  slow  effect  takes 
about  25  to  50  seconds,  in  contrast  to  the  fast  adaptation  effects  which  are  complete  in  100  msecs 
or  less.  In  the  guinea  pig,  fast  effects  are  greatest  for  mid-frequency  components  (6-10kHz)  while 
slow  effects  are  seen  mostly  for  high  frequency  stimuli  (12-16  kHz).  Similarly,  fast  effects  persist 
over  long  periods  of  time,  while  slow  effects  diminish  after  about  a  minute  of  stimulation.  Both  of 
these  effects  can  be  traced  to  intracellular  mechanisms  of  the  outer  hair  cell,  possibly  mediated  by  a 
second  messenger  system. 

Reiter  and  Liberman  (1995)  postulate  that  protection  from  acoustic  overstimulation  is  related 
to  the  recently  discovered  “slow  effect”  which  can  only  be  maintained  for  1  to  2  minutes  after 


13 


overstimulation.  Since  all  of  our  experiments  to  date  have  been  clicks  and  brief  tone  bursts,  it  has 
been  impossible  for  us  to  see  any  of  Liberman’s  effects  in  our  human  patients.  This  will  be  one  of 
our  next  goals  if  we  have  a  chance  to  collect  similar  data  with  DPOAE’s. 

Since  Kujawa  and  Liberman  (1997)  have  shown  that  total  loss  of  the  OCB  significantly 
increases  the  vulnerability  to  acoustic  damage,  we  feel  the  evidence  is  strong  that  further  studies  on 
human  efferent  suppression  may  uncover  some  natural  mechanisms  of  protection  from  noise  trauma. 

8.  CONCLUSIONS  (PLANS  FOR  YEAR  05  OF  SUPPORT): 

ANIMAL  PROJECTS:  The  completed  research  indicates  that  ATP  is  a  major 
neuromodulator  in  the  cochlea,  possibly  released  from  the  efferent  nerve  fibers  innervating  the  cells 
in  the  cochlea.  Furthermore  it  appears  that  ATP  plays  an  integral  role  in  cochlea  mechanics,  in  the 
response  of  the  cochlea  to  low  level  sound  and  toughening,  and  in  noise  induced  hearing  loss.  During 
year  #05,  we  will  continue  to  document  the  effects  of  ATP  and  ATP  antagonists  on  cochlear 
mechanics  and  the  changes  in  cochlear  mechanics  induced  by  continuous  low  level  sound.  We  will 
explore  if  these  ATP  induced  changes  in  cochlear  mechanics  are  related  to  toughening.  We  will  ask 
if  the  cochlear  mechanics  are  changed  during  toughening  in  a  manner  that  involves  ATP  receptors. 
ATP  antagonists  and  newly  developed  antisense  oligos  against  the  ATP  receptor  mRNAwill  be  tested 
against  noise  induced  cochlear  damage.  In  addition,  we  will  continue  our  studies  that  indicate  ATP 
administered  to  short  term  OHC  cultures  and  into  the  cochlea  induces  cell  death.  ATP  antagonists 
will  be  used  to  attempt  to  block  this  cell  death. 

HUMAN  PROJECT:  For  the  time  being,  pending  additional  funding  and  support 
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for  our  projects,  we  will  be  completing  data  analysis  on  our  nearly  100  subjects  and  collaborating  with 
Dr.  Wester  to  broaden  and  complete  the  prospective  study  on  Navy  recruits  in  San  Diego  which  we 
hope  to  pursue  in  some  form  of  renewal.  The  lower  suppression  score  of  the  left  ear  in  response  to 
clicks  is  a  provocative  finding  which  might,  in  the  long  run,  shed  light  on  the  commonly  observed 
phenomenon  of  left  ears  having  more  noise  induced  trauma  than  right  ears  in  males.  This  asymmetry 
has  been  ascribed  to  handedness  in  rifle  and  shotgun  fire,  where  the  right  shoulder  protects  the  right 
ear  from  muzzle  blast,  while  the  left  ear  remains  open  and  unprotected.  It  may  ultimately  be  traceable 


to  a  slow  effect  differential  between  ears. 
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Abstract 

The  outer  hair  ceils  (OHCs)  are  one  target  of  noise-induced  effects.  To  date  there  are  few  studies  which  examine  changes  in  the 
function  of  OHCs  induced  by  noise  exposure.  There  is  increasing  evidence  that  ATP  may  he  a  neuromodulator  acting  on  OHCs. 
Therefore,  we  examined  the  possibility  that  the  response  to  ATP  may  be  altered  by  low-level  noise  exposure.  ATP  was  tested  on  cation 
currents  recorded  from  outer  hair  cells  (OHCs)  isolated  from  chronic  noise-exposed  guinea  pigs  and  compared  to  currents  recorded  from 
normal  control  animals.  The  whole-cell  variant  of  the  patch-clamp  technique  was  used.  The  incidence  of  response  to  100  jllM  ATP  was 
decreased  in  OHCs  from  noise-exposed  animals  as  compared  to  controls  when  normal  internal  and  external  solutions  were  employed. 
When  K+  was  substituted  by  N-methyl-glucamine  (NMG  +  )  in  the  pipette  solution,  there  were  significant  differences  in  the  magnitudes 
of  ATP-evoked  currents  between  cells  from  noise-exposed  and  control  animals.  This  was  observed  in  both  normal  and  20  mM  Ba2  + 
external  solutions.  In  addition,  the  response  to  ATP  exhibited  a  dependency  on  OHC  length.  In  short  OHCs  ( <  65  /zm)  from 
noise-exposed  animals  the  magnitude  of  the  response  to  ATP  was  significantly  reduced.  By  contrast,  the  response  in  long  OHCs  (>  65 
/xm)  from  noise-exposed  animals  was  increased.  Results  suggest  that  low-level  noise  exposure  induces  changes  in  OHCs  which  affect  the 
response  of  the  cell  to  ATP. 

Keywords:  Voltage-clamp;  Patch-clamp;  ATP-gated  channel;  Cochlea;  Noise  exposure 


1.  Introduction 

Noise  exposure  induces  several  alterations  in  the  struc¬ 
ture  and  function  of  the  cochlea  (see  review  by  Saunders  et 
ah,  1985).  The  outer  hair  cells  (OHCs)  are  one  target  of 
noise-induced  effects  (e.g.,  Cody  and  Russell,  1985;  Puel 
et  ah,  1988;  Decory  et  ah,  1991;  Franklin  et  ah,  1991; 
Boettcher  et  ah,  1992;  Subramaniam  et  ah,  1994).  Morpho¬ 
logical  evidence  shows  that  noise  exposure  causes:  damage 
to  OHC  stereocilia,  changes  in  intracellular  structures  such 
as  mitochondria,  and  swelling  or  loss  of  the  OHCs 
(Saunders  et  ah,  1985).  Some  of  these  morphological 
changes  have  been  correlated  with  changes  in  neuronal 
thresholds  (Boettcher  et  ah,  1992)  and  distortion  product 
otoacoustic  emissions  (DPOAEs).  The  latter  are  thought  to 
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reflect  the  physiological  state  of  the  OHCs  (Subramaniam 
et  ah,  1994). 

There  are  only  a  few  studies  which  examined  the  effect 
of  intense  sound  on  the  function  of  the  hair  cells  directly. 
Decory  et  ah  (1991)  showed  that  isolated  OHCs  taken 
from  noise-exposed  guinea  pigs  exhibited  altered  motility 
and  viability.  Acoustical-evoked  receptor  potentials 
recorded  from  both  inner  hair  cells  (IHCs)  and  OHCs  are 
altered  during  and  after  exposure  to  intense  sound  with  the 
OHCs  undergoing  a  sustained  depolarization  (Cody  and 
Russell,  1985).  Some  of  these  effects  are  probably  due  to 
excessive  passage  of  K+  and  Ca2  +  through  the  transduc¬ 
tion  channels  of  the  hair  cells  together  with  entrance  of 
Ca2*  and  Na+  through  voltage-dependent  channels.  In 
other  systems,  it  is  well  known  that  an  increase  in  the 
levels  of  intracellular  free  Ca2  +  can  initiate  events  which 
result  in  the  alteration  or  death  of  cells  (Berridge,  1994; 
Morley  et  al.,  1994).  Thus  there  is  evidence  that  the  OHCs 
are  excessively  depolarized  by  noise  exposure,  resulting  in 
altered  function  and  possibly  cell  death. 
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There  are  a  host  of  molecular  events  occurring  in  and 
around  OHCs  that  could  be  altered  by  noise  exposure.  One 
possibility  is  an  altered  response  to  neurotransmitter  or 
neuromodulator.  Bobbin  and  Thompson  (1978)  first  pro¬ 
posed  ATP  as  a  neuromodulator  or  transmitter  in  the 
mammalian  cochlea  (see  review  Eybalin,  1993).  Aubert  et 
al.  (1994,1995)  present  data  suggesting  that  ATP  may  act 
as  a  neuromodulator  in  vestibular  organs.  ATP  and  ana¬ 
logues  applied  into  the  perilymph  compartment  exert  pro¬ 
found  effects  on  cochlear  function,  as  indicated  by  an 
abolishment  of  compound  action  potential  of  the  auditory 
nerve  and  DPOAEs  together  with  a  shift  in  the  summating 
potential  (Bobbin  and  Thompson,  1978;  Kujawa  et  al., 
1994a).  Incubation  of  organ  of  Corti  with  ATP  agonist 
analogs  increases  inositol  phosphate  accumulation  suggest¬ 
ing  an  activation  of  this  second-messenger  system 
(Niedzielski  and  Schacht,  1992).  Extracellular  application 
of  ATP  to  isolated  OHCs  of  guinea  pig  depolarizes  the  cell 
membrane  by  inducing  non-selective  cation  currents 
(Ashmore  and  Ohmori,  1990;  Nakagawa  et  al.,  1990; 
Housley  et  al.,  1992;  Kujawa  et  al,  1994a;  Nilles  et  al, 
1994).  Since  antagonists  also  have  profound  effects  on  the 
cochlear  potentials,  it  appears  that  endogenous  ATP  may 
have  a  role  in  ongoing  physiological  mechanisms  (Kujawa 
et  al.,  1994b).  In  addition,  noise  exposure  may  increase 
extracellular  levels  of  ATP  to  such  an  extent  that  it  con¬ 
tributes  to  the  excessive  depolarization  and  cell  death 
observed. 

Thus  we  initiated  studies  of  the  hypothesis  that  ATP  is 
involved  in  noise-induced  changes  to  the  OHCs.  Specifi¬ 
cally,  in  this  study  we  examined  whether  the  response  of 
OHCs  to  ATP  was  altered  by  a  low-level,  chronic  noise 
exposure.  The  intensity  of  the  noise  was  set  below  the 
level  thought  to  induce  cellular  damage  (Bohne,  1976).  We 
recorded  the  cation  currents  evoked  by  ATP  in  isolated 
OHCs  harvested  from  chronic  noise-exposed  guinea  pigs 
and  compared  them  to  the  currents  evoked  from  control 
animals  using  the  whole-cell  configuration  of  the  patch- 
clamp  technique. 

2.  Methods 

2.  /.  Noise  exposure 

Guinea  pigs  (n  -  35,  in  groups  of  10  or  less;  age  1-3 
months)  were  placed  in  a  small  sound-attenuating  booth 
and  exposed  to  a  continuous,  moderate-intensity  narrow 
band  noise  (cutoffs  at  1.1  and  2.0  kHz;  A-scale,  rms:  65 
dB  SPL)  24  h  a  day  for  10-11  days.  Control  guinea  pigs 
(n  =  30)  were  maintained  in  an  environment  of  normal 
noise  at  the  university’s  animal  care  facilities.  Both  groups 
of  the  animals  were  given  free  access  to  food  and  water 
during  the  exposure.  The  care  and  use  of  the  animals 
reported  on  in  this  study  were  approved  by  the  Animal 
Care  and  Use  Committees  of  the  Louisiana  State  Univer¬ 
sity  Medical  Center. 


Table  l 


Composition  of  solutions  (mM) 


Internal 

External 

K+  sol. 

NMG+  sol. 

HBS  sol. 

Ba2+  sol. 

NaCl 

- 

- 

137 

120 

KC1 

134 

- 

5.4 

- 

CaCI2 

0.1 

0.5 

2.5 

- 

BaCl2 

- 

- 

- 

20 

MgCl2 

0.5 

- 

0.5 

0.5 

CsCl 

- 

- 

- 

5 

HBPES 

5 

10 

10 

10 

NMG+ 

- 

120 

- 

- 

TEA-C1 

- 

35 

- 

- 

EGTA 

11 

11 

- 

- 

Glucose 

- 

- 

10 

5 

Na2  ATP 

2 

4 

- 

- 

Na2GTP 

0.1 

0.1 

- 

- 

Sucrose 

- 

10 

10 

- 

HBS:  modified  Hank’s  balanced  saline;  NMG  +  :  N-methyl-glucamine. 


2.2.  Cell  isolation 

OHCs  from  control  and  noise  exposed  guinea  pigs  were 
acutely  isolated  as  described  previously  (Erostegui  et  al., 
1994).  Briefly,  guinea  pigs  were  anesthetized  with  pento¬ 
barbital  (30  mg/kg,  i.p.)  or  urethane  (1.5  g/kg,  i.p.), 
decapitated,  and  the  bulla  separated  and  placed  in  a  modi¬ 
fied  Hank’s  balanced  saline  (HBS)  (Table  1).  The  bone 
surrounding  the  cochlea  was  removed  and  the  organ  of 
Corti  was  placed  in  a  200  /zl  drop  of  HBS  containing 
collagenase  (l  mg/ml,  Type  IV,  Sigma)  for  5  min.  The 
cells  were  then  transferred  into  the  dishes  containing  a  100 
/il  drop  of  HBS  using  a  microsyringe,  and  stored  at  room 
temperature  until  use  (within  about  4  h).  The  length  of 
each  cell  was  measured  with  a  calibrated  reticulum  prior  to 
recording.  OHCs  were  selected  for  study  if  they  met 
several  morphological  criteria  (Ricci  et  al.,  1994).  No 
morphological  changes  of  isolated  OHCs  from  noise-ex- 
posed  animals  were  observed. 

2.3.  Whole-cell  voltage  clamp 

Single  dispersed  OHCs  either  from  noise-exposed 
guinea  pigs  or  normal  control  animals  were  voltage 
clamped  using  the  whole-cell  variant  of  the  patch-clamp 
technique  (Hamill  et  al.,  1981)  with  Axopatch-ID  and 
Axopatch-200A  patch-clamp  amplifiers  (Axon  Instru¬ 
ments).  Patch  electrodes  were  fabricated  from  borosilicated 
capillary  tubing  (Longreach  Scientific  Resources)  using  a 
micropipette  puller  (Sutter  Instrument),  and  fire  polished 
on  a  microforge  (Narashige  Scientific  Instrument  Lab.) 
prior  to  use.  Membrane  currents  were  filtered  at  5  kHz 
(-3dB)  using  a  4-pole  low-pass  Bessel  filter  digitized 
with  a  12-bit  A/D  converter  (DMA  Interface,  Axon  In¬ 
struments),  and  stored  for  off-line  analysis  using  personal 
microcomputers.  Voltage  paradigms  were  generated  from  a 
12-bit  D/A  converter  (DMA  Interface,  Axon  Instruments) 
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Fig.  1 .  Typical  examples  of  ATP-induced  effects  on  /-V  relationships  recorded  from  an  OHC  taken  from  a  control  (A)  and  noise-exposed  animal  (B). 
Currents  were  evoked  by  60  ms  steps  from  a  holding  potential  of  -60  mV.  Normal  HBS  external  solutions  together  with  K+-containing  internal  solutions 
were  used.  Currents  were  measured  before  (O,  □)  and  during  (•,  ■  )  application  of  100  /xM  ATP. 

using  pClamp  software  (Axon  Instruments).  After  estab-  2.4.  Solutions 
lishment  of  the  whole-cell  configuration,  series  resistance 

and  cell  capacitance  compensation  were  earned  out  prior  The  composition  of  the  solutions  used  is  shown  in 

to  recording,  and  an  80%  series  resistance  compensation  Table  1.  The  HBS  solution  was  utilized  for  the  bath 

was  normally  applied.  No  substruction  of  leakage  current  perfusion.  ATP  (Sigma)-containing  external  solutions  were 

was  made.  prepared  daily  from  100  mM  stock  solution  and  was 


Control  Noisa 

(n*45)  (n*43) 


Fig.  2.  A  and  B:  typical  examples  of  ATP  (100  /xM)-induced  inward  currents  recorded  from  an  OHC  taken  from  a  control  (A)  and  noise-exposed  animal 
(B).  A  holding  potential  of  -70  mV  and  normal  HBS  external  solution  together  with  NMG+-containing  internal  solution  were  used.  C:  superimposed 
examples  of  inward  current  traces  recorded  from  an  OHC  taken  from  a  control  and  a  noise-exposed  animal  in  the  absence  and  presence  of  100  /xM  ATP. 
Current  was  elicited  by  a  70  ms  hyperpolarizing  step  to  -100  mV  from  a  holding  potential  of  -70  mV.  D:  amplitudes  (mean  +  SE)  of  ATP  (100 
/xM)-induced  inward  currents  obtained  from  OHCs  taken  from  control  and  noise -exposed  guinea  pigs.  Currents  were  measured  at  -100  mV  using  the  step 
protocol  in  (C).  Statistical  significance  was  measured  by  ANOVA  ( '  *  P  <  0.01). 
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delivered  from  an  U-tubing  system  as  described  previously 
(Erostegui  et  ah,  1994).  All  the  external  solutions  were 
adjusted  to  a  pH  of  7.40  with  NaOH  and  had  a  osmolality 
of  300  mosM.  The  internal  solutions  were  adjusted  to  a  pH 
of  7.35  with  HC1  and  had  a  osmolality  of  284  mosM.  All 
experiments  were  conducted  at  room  temperature  (22  ~ 
24°C). 

Data  are  presented  as  means  ±  SE.  Statistical  signifi¬ 
cance  was  measured  by  chi-square  test  and  analysis  of 
variance  (ANOVA),  as  appropriate.  P  values  less  than 
0.05  were  considered  statistically  significant. 


3.  Results 

Fig.  1  illustrates  the  current- voltage  ( I-V )  relationships 
in  the  absence  and  presence  of  100  /xM  ATP  in  OHCs 
from  control  and  noise-exposed  guinea  pigs  using  normal 
K+  internal  and  HBS  external  solutions.  Currents  were 
evoked  by  60  ms  steps  from  a  holding  potential  of  -60 
mV.  Monitored  at  -100  mV,  the  incidence  of  ATP  re¬ 
sponses  was  significantly  reduced  in  cells  from  noise-ex¬ 
posed  animals  as  compared  to  the  incidence  in  cells  from 
control  animals  (Table  2).  In  addition,  the  amplitude  of  the 
ATP  induced  inward  current  at  —100  mV  in  cells  from 
noise-exposed  animals  showed  a  tendency  to  be  smaller 
than  those  recorded  from  control  animals  ( P  =  0.06). 


Table  2 

Incidence  of  response  to  ATP  in  OHCs  from  control  and  noise-exposed 
guinea  pigs 


Control 

%  Noise-exposed  7c 

Response  * 

No  Response  * 

Response  *  No  Response  * 

25 

22 

53  14  62  18  *  * 

Number  of  cells  are  given. 

Statistical  significance  was  measured  by  chi-square  test  ( P  <0.001). 


To  further  examine  this  tendency,  we  isolated  the  ATP- 
induced  currents  by  substituting  jV-methyl-glucamine 
(NMG  +  )  for  K+  in  the  pipette  to  block  K+  currents  while 
using  normal  HBS  external  solution.  Under  such  condi¬ 
tions,  the  incidence  of  the  response  to  100  /xM  ATP  was 
not  significantly  different  in  the  two  groups  of  cells  (noise: 
88%,  n  ~  49  vs.  control:  98%,  n  =  46).  However,  the 
magnitude  of  100  /xM  ATP-induced  inward  currents  in 
cells  from  noise-exposed  animals  was  decreased  both  at 
the  holding  potential  of  -70  mV  (Fig.  2A,  control;  Fig. 
2B,  noise)  and  at  the  step  to  -  100  mV  (Fig.  2C  control 
and  noise).  Examination  of  the  data  at  -  100  mV  indicated 
that  the  effect  was  significant  (noise:  303  ±  64  pA,  n  =  43 
vs.  control:  720  ±125  pA,  n  =  45;  PC0.01;  the  zero 
change  in  response  to  ATP  of  the  non-responders  were  not 
included;  Fig.  2D). 

To  avoid  the  deleterious  effects  of  increased  intra- 
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Fig.  3.  ATP-evoked  current  response  obtained  in  external  Ba2+  solution.  A  and  B:  typical  examples  of  ATP  (100  jxM)-induced  inward  currents  recorded 
from  an  OHC  taken  from  a  control  (A)  and  noise-exposed  animal  (B).  A  holding  potential  of  -70  mV  and  20  mM  Ba2  +  -containing  external  solution 
together  with  NMG+-comaining  internal  solution  were  used.  C:  superimposed  examples  of  inward  current  traces  recorded  from  an  OHC  taken  from  a 
control  and  noise-exposed  animal  in  the  absence  and  presence  of  100  /xM  ATP.  Current  was  elicited  by  a  70  ms  hyperpolarizing  step  to  -100  mV  from  a 
holding  potential  of  -70  mV.  D:  amplitudes  (mean  +  SE)  of  ATP-induced  inward  currents  obtained  from  OHCs  taken  from  control  and  noise-exposed 
guinea  pigs.  Currents  were  measured  at  -100  mV  using  the  step  protocol  in  C.  Statistical  significance  was  measured  by  ANOVA  ( '  *  P  <  0.01). 
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external  solutions  (■)  and  pipettes  containing  a  NMG+-containing  internal  solution.  Plotted  are  the  differences  between  currents  in  the  presence  and 
absence  of  the  drug  at  the  various  test  potentials.  Currents  were  evoked  by  70  ms  steps  from  a  holding  potential  of  -70  mV. 


cellular  Ca2+  caused  by  ATP  and  to  further  block  outward 
K+  current,  we  studied  the  effect  of  utilizing  Ba2+-con- 
taining  external  solution  while  keeping  the  same  NMG+- 


containing  solution  in  the  pipette.  Some  of  the  cells  ( n  = 
26,  noise;  n  =  27,  control)  were  the  same  ones  studied  in 
the  previous  paragraph.  Results  were  similar  to  that  using 
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external  solution  groups.  Each  bar  is  mean  +  SE.  Statistical  significance  was  measured  by  ANOVA  ( '  P  <0.05;  *  '  P  <  0.01).  All  current  amplitudes 
were  measured  at  -100  mV  using  a  step  protocol  consisting  of  70  ms  hyperpolarizing  steps  to  -100  mV  from  a  holding  potential  of  -70  mV. 
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HBS  external  solution.  There  was  no  difference  between 
groups  in  the  incidence  of  the  response  (noise:  84%, 
n*  117  vs.  control:  81%,  n  =  9I).  However,  the  magni¬ 
tude  of  the  ATP-induced  currents  in  cells  from  noise-ex- 
posed  animals  was  decreased  both  at  the  holding  potential 
of  -70  mV  (Fig.  3A,  control;  Fig.  3B,  noise)  and  at  the 
step  to  -  100  mV  (Fig.  3 C,  control  and  noise).  Examina¬ 
tion  of  the  data  at  — 100  mV  indicated  that  the  response 
was  significantly  different  from  control  (noise:  188  ±29 
pA,  n  =  98  vs.  control:  410  ±62  pA,  n~  74;  PC0.01; 
Fig.  3D).  Fig.  4  shows  the  I-V  relationships  of  ATP-in- 
duced  inward  currents  in  OHCs  from  control  (Fig.  4A)  and 
noise-exposed  (Fig.  4B)  animals  in  HBS  and  Ba2 "‘‘-contain¬ 
ing  external  solutions.  The  amplitudes  of  the  ATP-elicited 
inward  currents  were  smaller  in  Ba2+-containing  external 
solution  than  those  in  HBS  solution.  The  pattern  of  results 
in  OHCs  from  control  and  noise-exposed  animals  were 
similar. 

Length  of  OHCs  varies  according  to  their  position  in 
the  cochlear  partition  and  is  related  to  the  function  of 
OHCs  (Pujol  et  al.,  1992).  We  observed  a  length  depen¬ 
dency  for  the  ATP-induced  effects  in  HBS  (Fig.  5A)  and 
Ba2+-containing  (Fig.  5B)  external  solutions  for  OHCs 
taken  from  control  animals.  This  result  is  similar  to  that 
reported  for  acetylcholine-induced  effects  in  OHCs  (Eros- 
tegui  et  al.,  1994).  Fig.  5C  (in  HBS  solution)  and  Fig.  5D 
(in  Ba2+-containing  solution)  illustrate  the  amplitudes  of 
ATP-induced  inward  currents  expressed  as  a  percent  of 
baseline  currents  (at  -  100  mV)  in  cells  grouped  according 
to  length.  The  amplitudes  of  the  currents  were  significantly 
decreased  in  the  short  cells  (cell  length  <  65  /xm)  from 
noise-exposed  animals  as  compared  to  those  from  controls. 
In  contrast,  ATP-induced  currents  were  enhanced  in  cells 
with  lengths  over  65  ^m  from  noise-exposed  animals  as 
compared  to  corresponding  cells  from  controls. 

4.  Discussion 

Results  show  that  there  were  significant  differences  in 
the  incidence  and  magnitudes  of  cation  currents  evoked  by 
ATP  (100  /x M)  in  OHCs  taken  from  guinea  pigs  exposed 
to  chronic  low-level  noise  when  compared  to  the  currents 
evoked  from  cells  obtained  from  control  animals.  The 
response  to  ATP  was  decreased  in  short  OHCs  whereas  in 
longer  OHCs  the  response  was  increased. 

At  present  we  can  only  speculate  as  to  the  structural  or 
biochemical  mechanisms  underlying  our  observations.  The 
results  are  in  harmony  with  the  hypothesis  that  endoge¬ 
nously  released  ATP  may  be  involved  in  the  effects  in¬ 
duced  in  the  cochlea  by  low-level,  chronic  noise  exposure. 
In  other  systems,  the  chronic  release  of  ATP  has  been 
suggested  to  result  in  a  down-regulation  of  purinoceptors 
(Maynard  et  al.,  1992).  This  mechanism  was  proposed  to 
explain  the  altered  response  to  an  ATP  analogue  in  the 
rabbit  isolated  central  ear  artery  after  chronic  electrical 


stimulation  of  the  great  auricular  nerve  (Maynard  et  al., 
1992).  By  analogy,  during  noise  exposure  there  may  be  a 
continuous  exposure  of  OHCs  to  a  high  level  of  endoge¬ 
nous  ATP  which  induces  a  similar  down-regulation  of 
ATP  receptors  in  short  OHCs.  An  up-regulation  of  ATP 
receptors  may  occur  in  long  OHCs.  Only  future  experi¬ 
ments  can  determine  if  such  a  mechanism  accounts  for  the 
observed  altered  responses  to  ATP. 

Alternatively,  any  noise-induced  structural  damage  may 
have  altered  the  response  to  ATP.  We  did  not  determine 
whether  damage  had  occurred  in  the  cochlear  tissue  we 
sampled.  On  the  other  hand,  based  on  the  literature  to  date, 
the  noise  level  was  probably  not  sufficiently  intense  to 
produce  physical  damage.  No  reports  were  found  using  the 
same  band  and  level  of  noise  in  guinea  pigs.  However,  the 
noise  is  the  same  level  as  one  of  the  octave  band  of  noise 
(0.5  kHz)  exposures  used  by  Bohne  (1976).  Bohne  showed 
no  damage  to  chinchilla  hair  cells  at  the  light  microscopic 
level  after  9  days  of  continuous  exposure  to  the  65  dB  SPL 
noise.  Others  have  shown  that  the  guinea  pig  is  slightly 
less  susceptible  to  noise  damage  than  the  chinchilla  (De- 
cory  et  al.,  1992).  In  other  studies  utilizing  chinchillas,  a 
more  intense  chronic  noise  exposure  (85  dB  SPL)  resulted 
in  stereocilia  damage  (Boettcher  et  al.,  1992;  Subramaniam 
et  al.,  1994).  ATP  receptors  have  been  proposed  to  be 
located  near  the  stereocilia  on  the  apical  surface  membrane 
(Housley  et  al.,  1992;  Mockett  et  al.,  1994).  Thus  the 
decreased  response  to  ATP  may  be  due  to  some  physical 
or  chemical  alteration  in  the  ATP  receptors  located  near  or 
on  damaged  stereocilia.  On  the  other  hand,  the  increased 
response  observed  in  long  OHCs  argues  against  a  physical 
damage  and  suggests  a  more  complex  mechanism. 

Aside  from  damage,  a  subject’s  acute  and  chronic  his¬ 
tory  of  sound  exposure  changes  the  response  of  the  cochlea 
to  sound.  Acute,  low-level  sound  alters  the  mechanics  of 
the  cochlear  partition  in  a  complex  manner  as  monitored 
by  quadratic  DPOAEs  (Kujawa  et  al.,  1995).  Chronic, 
higher  level  exposure  decreases  the  effect  of  subsequent 
noise  exposure  (Clark  et  al.,  1987;  Sinex  et  al.,  1987; 
Canlon  et  al.,  1988,1992;  Campo  et  al.,  1991;  Franklin  et 
al.,  1991;  Boettcher  et  al.,  1992;  Mensh  et  al.,  1993; 
Subramaniam  et  al.,  1994).  During  this  latter  effect  which 
is  called  ‘toughening’,  changes  in  the  mechanics  of  the 
cochlea  as  monitored  with  DPOAEs  have  been  reported 
(Franklin  et  al.,  1991;  Mensh  et  al.,  1993;  Subramaniam  et 
al.,  1994).  In  both  these  acute  and  chronic  phenomena,  the 
changes  in  DPOAEs  and  cochlear  mechanics  may  indicate 
alterations  in  the  function  of  the  OHCs,  possibly  involving 
ATP.  Whether  the  exposure  utilized  in  the  present  study 
alters  DPOAEs  remains  to  be  determined. 

In  summary,  results  indicate  that  the  response  to  ATP 
was  altered  in  OHCs  obtained  from  noise  exposed  guinea 
pigs.  We  speculate  that  this  is  due  to  an  alteration  in  the 
number  of  ATP  receptor  proteins.  Additional  research  will 
be  necessary  to  determine  whether  this  mechanism  actually 
underlies  the  observed  phenomena. 
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Abstract 

The  f2-f]  distortion  product  otoacoustic  emission  (DPOAE)  can  be  observed  to  undergo  gradual  alterations  in  amplitude 
during  continuous  ipsilateral  stimulation  with  primary  tones.  In  the  present  experiments,  we  characterized  the  dependence  of 
these  amplitude  alterations  on  several  stimulus  variables  (intensity,  duration,  frequency)  and  on  DPOAE  type  (quadratic  vs 
cubic)  and  tested  the  hypothesis  that  such  alterations  are  mediated  by  the  olivocochlear  (OC)  efferents.  Responses  were 
recorded  in  urethane-anesthetized  guinea  pigs  with  sectioned  middle  ear  muscles  before  and  after  intracochlear  application  of 
antagonists  (curare,  1  pM:  bicuculline.  10  tetrodotoxin,  1  pM)  or  before  and  after  OC  efferent  section  at  the  midline  of  the 
floor  of  the  IVth  ventricle,  We  confirm  previous  reports  of  continuous  stimulation-related  alterations  in  the  amplitude  of  the 
quadratic  distortion  product,  f2-fv  and  report  a  novel,  suppressive  ‘off-effect'  apparent  in  f2-f]  amplitude  following  a  short  rest 
from  such  stimulation.  Response  alterations  were  sensitive  to  primary'  intensity  and  to  duration  of  rest  from  continuous 
stimulation,  but  were  not  clearly  frequency-dependent  over  the  ranges  tested.  Corresponding  alterations  in  the  amplitude  of  the 
cubic  nonlinearity,  were  very  small  or  absent.  Amplitude  alterations  in  f2-fx  were  reduced  but  not  blocked  by  OC 

efferent  antagonists  (curare,  bicuculline)  and  were  largely  unaffected  by  TTX  or  by  midline  brainstem  section.  All  of  these 
manipulations,  however,  prevented  completely  the  known  efferent-mediated  contralateral  sound  suppression  of  both  /^-/i  and 
2 f ,  —f 2  DPOAEs.  Taken  together,  these  results  do  not  provide  support  for  efferent  control  of  the  f2-f  l  amplitude  alterations 
observed  during  continuous  ipsilateral  stimulation. 

Keywords:  Olivocochlear  efferents:  Otoacoustic  emissions;  Outer  hair  cells;  Quadratic  nonlinearity;  Cubic  nonlinearity 


1.  Introduction 

The  quadratic  nonlinearity,  measured  as  a 

distortion  product  otoacoustic  emission  (DPOAE),  dis¬ 
plays  time-varying  amplitude  alterations  during  contin¬ 
uous,  primary  tone  stimulation.  Brown  (1988)  first  de¬ 
scribed  a  short  period  of  amplitude  growth  followed  by 
large  (often  exceeding  15  dB)  reductions  in  f2-f] 
DPOAE  amplitude  during  continuous  low-  to  moder- 
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ate-level  primary  stimulation.  Similar  amplitude  alter¬ 
ations  were  not  observed  in  the  cubic  nonlinearity 
corresponding  to  the  frequency  2 /,-/2.  In  a  subse¬ 
quent  investigation,  Whitehead  et  al.  (1991)  also  ob¬ 
served  f2-f\  but  not  2/j-/2  to  undergo  an  initial 
amplitude  increase  followed  by  a  gradual  decline  dur¬ 
ing  continuous  primary  stimulation.  Rarely  exceeding  3 
dB,  the  magnitude  of  the  f2-f ,  amplitude  reduction 
was  much  smaller  than  that  observed  by  Brown.  Kirk 
and  Johnstone  (1993)  confirmed  the  perstimulatory 
reductions  in  /2-/,  amplitude  and  reported  effects  to 
be  most  robust  within  the  primary  frequency  range  2-7 
kHz.  Again,  corresponding  changes  in  the  2/1-/2  dis¬ 
tortion  product  were  minimal  or  absent  at  any  of  the 
frequency  combinations  tested. 
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In  contrast  to  the  different  behavior  of  these  distor- 
}n  components  during  ipsilateral  stimulation,  both 
-/j  and  2/j-/:  distortion  products  can  be  altered 
iring  presentation  of  tones  or  noise  to  the  contralat- 
al  ear  (e.g.,  Kirk  and  Johnstone,  1993;  Kujawa  et  al., 
>93,  Kujawa  et  al.,  1994;  Puel  and  Rebillard,  1990). 
'hen  appropriate  measures  are  taken  to  avoid  tran- 
ranial  crossover  of  the  contralateral  signal  or  middle 
Lr  muscle  activation,  these  contralateral  influences  on 
silateral  DPOAEs  reveal  clearly  an  efferent  influence 
l  the  cochlear  mechanics.  This  efferent  control  is 
ought  to  be  mediated  primarily  by  uncrossed  medial 
ivocochlear  (UMOC)  neurons  which  synapse  directly 
ith  outer  hair  cells  (OHCs)  and  which,  due  to  the 
-edominantly  crossed  nature  of  the  afferent  pathways, 
e  activated  primarily  by  contralateral  sound  (Warren 
id  Liberman,  1989).  Such  response  suppression  can 
;  mimicked  by  electrical  activation  of  OC  neurons 
Lirk  and  Johnstone,  1993;  Mountain,  1980;  Siegel  and 
im,  1982).  It  can  be  prevented  by  cuts  to  the  brain- 
em  that  remove  this  efferent  input  (Puel  and  Rebil- 
rd,  1990;  Puria  et  al.,  1992)  and  it  can  be  blocked 
larmacologically  by  antagonists  of  OC  efferent  activ- 
/  (Kujawa  et  al.,  1993;  Kujawa  et  al.,  1994). 

The  mechanisms  underlying  the  f2~fx  amplitude 
terations  during  continuous  ipsilateral  stimulation  are 
iknown.  Brown  (1988)  and  Kirk  and  Johnstone  (1993) 
ive  presented  results  suggesting  that  the  ipsilateral 
fects,  too.  are  under  efferent  control.  In  the  Brown 
988)  experiments,  f2~~f\  response  alterations  were 
)sent  or  reduced  in  magnitude  in  deeply-anesthetized 
limals.  Additionally,  they  were  altered  by  the  ipsilat- 
al  presentation  of  'novel’  stimuli  and  by  stimulation 
the  contralateral  ear  during  periods  of  rest  from 
silateral  stimulation.  In  the  Kirk  and  Johnstone  (1993) 
udies,  the  amplitude  alterations  were  prevented  in 
»me  animals  by  intracochlear  application  of  bicu- 
llline,  an  antagonist  of  GABA,  a  putative  transmitter 
apical  cochlear  efferents  (see  Eybalin,  1993  for 
view)  and  by  tetrodotoxin  (TTX).  The  amplitude 
terations  were  not,  however,  blocked  by  strychnine, 
hich  has  potently  antagonized  every  known  OC  effer- 
U-mediated  effect  identified  to  date  (e.g.,  Bobbin  and 
onishi,  1974;  Desmedt  and  Monaco,  1962;  Kujawa  et 
.,  1994).  Yet,  in  these  same  animals,  strychnine 
ocked  contralateral  suppression  of  f2~f\  and  abol- 
hed  the  suppressive  effects  of  electrical  OC  stimula- 
3n  on  both  the  compound  action  potential  (CAP)  of 
e  auditory  nerve  and  the  /2-/i  DPOAE.  Moreover, 
'hitehead  et  al.  (1991)  found  no  support  for  efferent 
rntrol  of  these  amplitude  alterations  in  rabbit.  Speci¬ 
ally,  responses  were  not  different  in  awake  and  anes- 
etized  animals,  and  they  were  not  altered  by  con- 
alateral  sound.  Finally,  none  of  these  investigations 
ive  revealed  corresponding  alterations  in  the  ampli- 
de  of  the  2 fx-f2  DPOAE.  Given  the  similar  behav¬ 


ior  of  the  /,-/ j  and  2/]-/2  DPOAEs  in  response  to 
efferent  activation  by  contralateral  sound,  it  remains 
unclear  why  ipsilateral  sound-activation  of  efferent 
neurons  should  affect  f2-f]  and  not  2/l~/2  DPOAEs. 

Our  ultimate  goal  in  these  experiments  is  to  identify 
the  mechanism(s)  underlying  the  f2-fx  DPOAE  ampli¬ 
tude  alterations  observed  during  continuous  primary 
stimulation.  In  this  paper,  we  confirm  the  amplitude 
alterations  observed  by  others  and  report,  in  addition, 
a  suppressive  ‘off-effect’  of  continuous  stimulation  not 
described  in  previous  reports.  We  describe  the  depen¬ 
dence  of  these  amplitude  alterations  on  several  stimu¬ 
lus  variables  (level,  duration  and  frequency)  and  on 
DPOAE  type  (quadratic  vs  cubic).  In  addition,  we 
present  results  related  to  our  tests  of  the  hypothesis 
that  the  amplitude  alterations  are  under  efferent  con¬ 
trol.  Toward  this  end,  we  studied  two  antagonists  of 
OC  efferent  activity  (curare,  bicuculline)  that  we  have 
found  previously  to  block  contralateral  sound  suppres¬ 
sion  of  the  2/j-/2  DPOAE  (Kujawa  et  al.,  1994),  an 
antagonist  of  all  action  potential-mediated  activity 
(TTX)  and  OC  neive  section  for  their  effects  on  these 
time-varying  changes  in  f2-fx  amplitude.  Contralateral 
suppression  of  f2-f\  and  2/1-/2  DPOAEs  was  em¬ 
ployed  as  an  internal,  known  efferent-mediated  control 
for  the  effects  of  these  experimental  manipulations. 

2.  Methods 

2.7.  Subjects 

Pigmented  guinea  pigs  (250-400  g)  of  either  sex 
were  anesthetized  (urethane,  1.5  g/kg,  i.p.)  and  tra- 
cheotomized  but  were  allowed  to  breath  unassisted. 
ECG  and  rectal  temperature  were  monitored  through¬ 
out  each  experiment,  and  temperature  was  maintained 
at  38°  ±  1°  C.  Additional  urethane  was  administered  as 
required  to  maintain  an  adequate  depth  of  anesthesia. 

Surgical  procedures  have  been  described  previously 
(Kujawa  et  al.,  1994).  Briefly,  cartilaginous  ear  canals 
were  exposed  and  partially  removed  to  allow  optimum 
coupling  of  the  sound  delivery  systems  to  the  two  ears. 
A  subgroup  of  these  animals  was  used  in  the  cochlear 
perfusion  experiments  described  in  this  report.  Thus, 
in  all  animals,  the  right  auditory  bulla  was  exposed  and 
opened  ventrally  to  gain  access  to  the  cochlea  and 
tendons  of  the  right  middle  ear  muscles  were  sec¬ 
tioned. 

2.2.  Stimulus  generation  and  response  monitoring 

The  DPOAE  under  primary  investigation  during 
continuous  ipsilateral  stimulation  was  the  f2-f] 
DPOAE  at  1.25  kHz.  For  certain  ipsilateral  and  all 
contralateral  stimulus  conditions,  we  also  monitored 
the  cubic  distortion  product  at  the  2/]-/2  frequency  (5 
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kHz).  The  instrumentation  employed  in  these  experi¬ 
ments  has  been  described  (Kujawa  et  al.,  1994).  Briefly, 
responses  were  elicited  by  equilevel  primary  stimuli 
( f  y  =  6.25  kHz;  f2  =  7.5  kHz)  generated  by  oscillators, 
routed  through  attenuators  to  separate  speakers  and 
delivered  to  the  right  ear  of  each  animal  by  an  acoustic 
probe  assembly.  Output  from  the  probe  microphone 
was  led,  via  a  microphone  preamplifier,  to  a  dynamic 
signal  analyzer  for  averaging  (10  discrete  spectra)  and 
display  (span  =  1  kHz;  CF  =  DP  frequency;  BW  =  3.75 
Hz).  The  noise  floors  associated  with  these  display 
windows  averaged  approximately  -15  dB  SPL  for  the 
f2-fx  DPOAE  and  -18  dB  SPL  for  the  2 frf2 
DPOAE  when  measured  at  points  ±50  Hz  of  the 
distortion  product  frequency.  In  some  experiments, 
distortion  products  (/2-/i  and  2fi-fi)  to  other  pri¬ 
mary  pairs  were  generated;  details  pertaining  to  those 
stimulus  conditions  will  be  discussed  where  appropri¬ 
ate.  For  contralateral  suppression  measures, 'the  con¬ 
tralateral  stimulus  was  a  70  dB  SPL  overall  level  wide¬ 
band  noise  (WBN;  0.9-15.7  kHz),  generated  and  deliv¬ 
ered  to  the  left  ear  as  detailed  in  previous  reports 
(Kujawa  et  al.,  1993;  Kujawa  et  al.,  1994). 

2.3.  Baseline  measures 

Baseline  measures  of  f2-f{  (L25  kHz)  and  2 fx-f2 
(5  kHz)  distortion  product  growth  with  increasing  stim¬ 
ulus  level  (25-70  dB  SPL  in  5  dB  steps)  were  obtained 
at  the  right  ear  of  each  animal  following  surgical  expo¬ 
sure  of  the  cochlea  and  middle  ear  muscle  section. 
Only  those  animals  whose  DPOAE  growth  functions 
conformed  to  laboratory  norms  following  these  proce¬ 
dures  participated  in  the  experiments  that  followed.  A 
15  min  period  without  stimulation  separated  these 
measures  from  the  next  period  of  primary  stimulation. 

The  influence  of  continuous,  moderate-level  (60  dB 
SPL)  primary  stimulation  on  the  f2-f ,  DPOAE  at  1.25 
kHz  was  studied  in  ail  animals  (N  -  35).  The  following 
stimulation  and  response  monitoring  protocol  was  em¬ 
ployed:  100  consecutive  10-spectra  averages  of  distor¬ 
tion  product  amplitude  were  obtained  during  continu¬ 
ous  primary  stimulation.  Each  of  these  averages  re¬ 
quired  approximately  5  s  to  complete  for  a  total  of  500 
s  (8.3  min)  of  stimulation.  The  primary  tones  were  then 
simultaneously  turned  off  and  there  was  a  1  min  rest 
from  primary  stimulation.  Following  this  rest,  the  pri¬ 
maries  were  re-introduced  and  40  consecutive  10-spec¬ 
tra  averages  of  distortion  product  amplitude  were  ob¬ 
tained  (total  time  approximately  200  s  or  2.3  min  of 
stimulation).  Here  again,  and  for  all  subsequent  stimu¬ 
lus  manipulations,  a  15  min  period  of  rest  from  primary 
stimulation  separated  each  test  condition  from  the 
next. 

Contralateral  suppression  of  both  the  f2-fx  and 
2/j-/2  DPOAEs  also  was  studied  in  all  animals.  Meth¬ 


ods  were  similar  to  those  employed  previously  (Kujawa 
et  al.,  1994).  Briefly,  5  consecutive,  10-spectra  averages 
of  DPOAE  amplitude  (to  equilevel  primaries  at  60  dB 
SPL)  were  obtained  in  the  absence  of  contralateral 
stimulation.  The  WBN  was  then  introduced  to  the 
contralateral  ear  and  5  consecutive,  10-spectra  aver¬ 
ages  of  distortion  product  amplitude  were  obtained 
during  contralateral  stimulation.  The  noise  was  re¬ 
moved  and  5  additional  10-spectra  averages  of  DPOAE 
amplitude  were  obtained. 

Following  these  baseline  response  characterizations, 
animals  were  employed  in  experiments  designed  to 
characterize  the  dependence  of  these  amplitude  alter¬ 
ations  on  the  stimulus  variables  of  intensity,  duration 
and  frequency  and  on  DPOAE  type  and/or  they  served 
as  subjects  in  the  cochlear  perfusion  or  nerve  section 
studies. 

2.4.  Response  characterization  experiments 
Intensity  effects 

To  investigate  the  influence  of  primary  level  on 
f z~f \  DPOAE  amplitude  alterations,  a  subgroup  of 
animals  was  tested  with  equilevel  primaries  at  40,  50 
and  70  as  well  as  60  dB  SPL.  Responses  were  moni¬ 
tored  as  described  above. 

Duration  effects 

To  clarify  the  dependence  of  these  time-varying 
changes  in  /2-/,  DPOAE  amplitude  on  continuous 
primary  stimulation,  f2—f\  amplitude  changes  associ¬ 
ated  with  intermittent  periods  of  short-duration  (5  s) 
primary  stimulation  (Lt  =  L2  =  50-70  dB  SPL)  were 
studied  over  the  same  time  period.  For  these  compar¬ 
isons,  single  10-spectra  averages  were  obtained  at  times 
corresponding  to  the  first  average  of  the  continuous 
series,  the  100th  average  and  the  final  (40th)  average 
following  the  return  to  stimulation.  Alternatively,  fol¬ 
lowing  the  initial  period  of  continuous  primary  stimula¬ 
tion  (500  s)  and  1  min  rest,  f2-f{  distortion  product 
recovery  was  tracked  using  5  s  periods  of  stimulation 
obtained  at  30  s  intervals.  Results  were  compared  to 
those  obtained  in  the  same  animals  using  our  standard 
(baseline)  protocol. 

The  influence  of  rest  period  duration  on  amplitude 
changes  in  the  f2-f{  DPOAE  as  recorded  following 
the  first  period  of  continuous  stimulation  was  investi¬ 
gated  using  primaries  at  60  dB  SPL.  This  was  accom¬ 
plished  by  halving  (30  s)  or  doubling  (2  min)  the  period 
of  rest  from  continuous  primary  stimulation  and  then 
comparing  results  to  those  obtained  in  the  same  ani¬ 
mals  with  the  standard  (1  min)  rest. 

Frequency  effects 

The  influence  of  primary  frequency  was  investigated 
by  comparing  alterations  in  the  amplitude  of  the  /2-/ j 
DPOAE  when  generated  by  lower  ( /,  =  2.5  kHz;  f2  *=  3 
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Iz)  and  by  higher  (/,  =  10  kHz;  f2  =  12  kHz)  fre- 
ency  primaries  to  results  obtained  with  the  standard 
imary  pair  =  6.25  kHz;  f2  =  7.5  kHz).  For  these 
iasurements,  the  f2/f\  ratio  was -held  constant  at  1.2 
d  primaries  were  equal  in  level  at  60  dB  SPL. 

°OAE  type 

The  effect  of  DPOAE  type  on  the  magnitude  and 
le  course  of  the  amplitude  alterations  during  contin- 
us  primary  stimulation  was  investigated  under  sev- 
il  separate  conditions:  First,  amplitude  alterations  in 
^  cubic  (2/j-/2)  DPOAE  at  5  kHz  were  compared  to 
Dse  recorded  for  the  quadratic  (f2-f0  DPOAE  at 
15  kHz  for  identical  stimulus  frequency  and  intensity 
nditions  ( f]  =  6.25  kHz;  f2  =  7.5  kHz;  L:  =  L2  =  60 
l  SPL).  Second,  a  2 f{-f2  DPOAE  was  elicited  at 
’5  kHz  (/,  =  1.55  kHz;  f2  =  1.86  kHz;  L:  =  L2  =  60 
1  SPL)  and  amplitude  alterations  observed  for  this 
;tortion  product  were  compared  to  those  for  the 
-/j  DPOAE  at  the  same  frequency  and  for  the  same 
mary  levels.  Finally,  in  an  attempt  to  compare  f2-fx 
d  2 /,-/2  DPOAEs  similar  in  baseline  amplitude, 
i  2 fl-f2  DPOAE  at  5  kHz  was  elicited  by  equilevel 
maries  at  50  dB  SPL  and  response  alterations  to 
atinuous  stimulation  under  these  conditions  were 
mpared  to  those  obtained  for  the  f2-f{  DPOAE 
;ponse  to  higher  level  (60  dB  SPL)  primaries. 

Cochlear  perfusion  experiments 

Perfusion  experiments  were  undertaken  using  meth- 
s  described  previously  (Kujawa  et  al.,  1994).  The 
ificial  perilymph  had  a  composition  of  (in  mM): 
Cl,  137;  KC1,  5;  CaCl2,  2;  NaH2P04,  1;  MgCl2,  1; 
icose,  11;  NaHC03,  12  with  a  resulting  pH  of  7.4 
en  brought  into  solution  in  a  deionized  and  filtered 
ter  base.  Experimental  drugs  tested  for  their  effects 

ipsilateral  and  contralateral  stimulation-related 
’OAE  amplitude  alterations  were  the  following: 
uculline  (bicuculline  methiodide,  10  jllM,  Sigma), 
"are  (d-tubocurarine  chloride,  1  pM,  Sigma)  and 
'X  (tetrodotoxin,  1  p M,  Sigma).  The  agents  were 
solved  in  the  artificial  perilymph  (pH  7.4).  Per- 
ates  were  introduced  into  the  cochlear  perilymph  at 
ate  of  2.5  p\/min  for  10  min  through  a  hole  in  basal 
n  scala  tympani  and  were  allowed  to  flow  from  the 
:hlea  through  an  effluent  hole  placed  in  basal  turn 
la  vestibuli.  Effluent  was  absorbed  within  the  bulla 
ng  small  cotton  wicks. 

For  the  purposes  of  the  perfusion  experiments,  ani¬ 
ls  were  divided  into  4  groups:  One  group  of  animals 
=  5)  received  8  consecutive  perfusions  of  the  con- 
1  (artificial  perilymph)  solution  alone.  Effects  of  the 
"  efferent  antagonists,  bicuculline  and  curare,  were 
ted  in  another  group  of  animals  (N  =  5).  These 
mals  first  received  2  perfusions  of  the  control  (artifi¬ 


cial  perilymph)  solution  alone.  These  perfusions  were 
followed,  in  order,  by  a  single  perfusion  of  bicuculline, 
2  artificial  perilymph  washes,  a  single  perfusion  of 
curare  and  two  additional  artificial  perilymph  washes. 
To  insure  that  drugs  were  not  being  diluted  with  re¬ 
placement  CSF  during  the  long  response  monitoring 
periods  post-perfusion,  a  third  group  of  animals  ( N  =  4) 
received  these  drugs  after  first  undergoing  blockade  of 
the  cochlear  aqueduct  as  described  by  Jenison.  et  al. 
(1985).  Effects  of  TTX  were  studied  in  a  fourth  group 
of  animals  (N  =  6).  Again,  the  first  2  perfusions  were 
of  artificial  perilymph  alone.  These  perfusions  were 
followed  by  a  single  perfusion  of  TTX  followed  by  2 
artificial  perilymph  washes.  Immediately  following  each 
perfusion,  measures  of  f2-f{  and  2 fx-f2  DPOAE  am¬ 
plitudes  before,  during  and  after  contralateral  WBN 
stimulation  were  obtained  followed  by  measures  of 
f2-f{  amplitude  during  continuous  ipsilateral  stimula¬ 
tion  (60  dB  SPL)  as  described  for  baseline  characteri¬ 
zations. 

2.6.  OC  nerve  section  experiments 

The  effect  of  OC  section  at  the  brainstem  midline 
on  the  ipsilateral  stimulation-related  changes  in  f2-fx 
amplitude  was  studied  in  N  =  4  animals.  Such  a  sec¬ 
tion  should  effectively  remove  input  from  the  vast 
majority  of  ipsilaterally-responsive  (i.e.,  crossed)  MOC 
neurons  to  each  cochlea  (Liberman  and  Brown,  1986). 
In  these  animals,  the  middle  cerebellar  vermis  was 
aspirated,  revealing  the  floor  of  the  IVth  ventricle. 
Measures  of  ipsilateral  stimulation-related  effects  on 
f 2~f  \  DPOAE  amplitude  to  60  dB  SPL  primaries  were 
obtained  to  identify  changes  in  response  characteristics 
that  might  be  associated  with  these  surgical  manipula¬ 
tions.  A  midline  cut  spanning  the  anterior-posterior 
extent  of  the  exposed  IVth  ventricle  floor  at  a  depth  of 
approximately  2  mm  was  then  made  and  ipsilateral  and 
contralateral  stimulation  measures  were  obtained.  Re¬ 
sults  of  both  sets  of  measures  were  compared  to  base¬ 
line  data  for  these  animals. 

Effects  of  treatments  on  ipsilateral  and  contralateral 
stimulation-related  changes  in  DPOAE  amplitude  were 
quantified  using  repeated  measures  analysis  of  vari¬ 
ance  (ANOVA)  and  Tukey  post-hoc  tests.  The  care 
and  use  of  the  animals  reported  on  in  this  study  were 
approved  by  LSUMC’s  Institutional  Animal  Care  and 
Use  Committee. 


3.  Results 

3.1.  Amplitude  alterations  during  continuous  ipsilateral 
stimulation 

During  continuous  stimulation  with  moderate-level 
(60  dB  SPL)  primaries,  the  /2-/,  DPOAE  was  ob- 
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Fig.  1.  Effect  of  continuous  primary  stimulation  on  f2-fi  DPOAE 
amplitude  ( —  6.25  kHz,  f2  =  7.5  kHz.  Lt  =  L2  -  60  dB  SPL).  Each 
data  point  represents  a  10  spectra  average  and  required  5  s  to 
complete.  Break  in  response  amplitude  trace  (C-D)  represents  1  min 
with  no  primary  stimulation.  Points  A-F  thus  identified  in  each  trace 
were  used  to  calculate  magnitudes  of  component  amplitude  changes, 
slopes  of  suppression  and  recovery  functions  and  for  statistical 
analyses  across  animals. 


served  to  undergo  stereotyped  amplitude  alterations.  A 
representative  example  is  shown  in  Fig.  1.  Following  a 
short  period  of  amplitude  growth  during  the  first  2  min 
of  continuous  primary  stimulation,  the  f2-f  i  DPOAE 
underwent  a  slow  decline  which  either  progressed  at  a 
similar  rate  throughout  the  remainder  of  the  stimula¬ 
tion  period  (approximately  6-7  min)  as  in  this  example, 
or  which  gradually  fell  to  a  new,  lower  level  and  then 
changed  comparatively  little  during  the  last  few  min¬ 
utes  of  stimulation.  Following  a  1  min  rest  from  contin¬ 
uous  primary  stimulation,  a  return  to  stimulation  found 
the  DPOAE  further  suppressed  from  its  pre-rest  am¬ 
plitude.  Thereafter,  f2-f{  amplitude  increased  rapidly, 
again  reaching  a  maximum  approximately  2  min  into 
the  period  of  continuous  primary  stimulation.  Periodic 
checks  of  primary  amplitudes  revealed  changes  less 
than  ±0.1  dB  across  similar  periods  of  stimulation. 

This  general  response  configuration  was  obtained 
for  33  of  35  animals  tested  in  this  series.  In  the 
remaining  2  animals,  the  post-rest  amplitude  suppres¬ 
sion  was  absent,  but  all  other  amplitude  alterations 
followed  the  characteristic  pattern.  Six  points  (A-F) 
were  identified  on  each  response  amplitude  function 
(see  Fig.  1).  These  values  were  used  to  calculate  the 
magnitudes  of  the  various  amplitude  changes,  the  over¬ 
all  slopes  of  the  suppression  and  recovery  functions 
and  for  statistical  analyses.  The  period  of  amplitude 
growth  observed  following  stimulus  onset  will  be  re¬ 
ferred  to  as  an  ‘on-effect’  of  continuous  primary  stimu¬ 
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lation.  The  first  such  on-effect  is  represented  as  the  ; 
change  in  amplitude  from  point  A  (DPOAE  amplitude 
at  the  first  10  spectra  average)  to  point  B  (the  10  ; 
spectra  average  yielding  the  maximum  DPOAE  ampli-  ; 
tude  during  the  first  period  of  continuous  stimulation).  | 
In  the  35  animals  tested  with  equilevel  primaries  at  60  : 
dB  SPL,  this  amplitude  increase  averaged  1.52  ±0.14  \ 
dB  at  its  peak  (B),  which  occurred  1  min  44  s  ±  6  s  into 
the  period  of  continuous  primary  stimulation  (A  to  B 
slope  =  0.88  dB/min).  After  reaching  this  amplitude 
maximum,  the  response  declined  slowly  during  the  ; 
remainder  of  the  stimulation  period  (B  to  C  slope  = 
-0.42  dB/min).  At  the  end  of  this  period  of  continu-  j 
ous  primary  stimulation  (C),  the  amplitude  of  the  dis-  j 
tortion  product  was  reduced  1.24  ±0.3 1  dB  from  its  j 
amplitude  at  onset  (A).  However,  it  was  reduced  from  : 
its  peak  value  (B)  by  2.75  ±  0.25  dB.  At  the  return  to  ! 
stimulation  (D)  following  a  1  min  rest,  the  /2-/l 
DPOAE  was  further  suppressed  from  this  pre-rest 
value  (C)  by  1.26  ±  0.12  dB.  Of  interest,  the  magnitude 
of  the  amplitude  decline  occurring  during  this  1  min 
rest  from  continuous  stimulation  is  3  times  that  ob¬ 
served  for  a  comparable  time  period  during  which  the 
primaries  were  delivered  continuously.  This  post-rest 
amplitude  suppression  (the  change  in  DPOAE  ampli¬ 
tude  from  point  C  to  point  D)  will  be  referred  to  as  the 
‘off-effect’.  Following  the  return  to  stimulation,  re¬ 
sponse  amplitude  increased  rapidly  (2.44  ±  0.18  dB  at 
point  E).  This  second  on-effect  (4D-E)  demonstrated 
a  time  course  similar  to  the  first,  reaching  a  new 
maximum  2  min  2  s  ±7  s  into  the  second  period  of 
continuous  stimulation  (D  to  E  slope  =  1.20  dB/min). 
After  reaching  this  amplitude  maximum,  the  response 
again  began  on  a  downward  course,  clearly  evident  at 
point  F  (E  to  F  slope  =  —0.43  dB/min).  All  amplitude 
changes  from  baseline  reached  significance  (P<0.01). 

When  monitored  over  repeated  trials  in  the  same 
animal,  these  characteristic  f2~f\  amplitude  alter¬ 
ations  demonstrated  little  variability.  Fig.  2  displays  the 
results  of  repeated  averages  separated  by  periods  of 
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Fig.  2.  Effect  of  repeated  primary  stimulations  separated  by  1  min  or 
10  min  rest  periods  on  /2 - /,  DPOAE  amplitude  (/,  =  6.25  kHz. 
/,  -  7.5  kHz.  L,  =  L2  -  60’ dB  SPL). 
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rig.  3.  Effect  of  contralateral  WBN  on  (A)  f2-f\  and  (B)  2 f\-f2 
DPOAE  amplitude  (/,  =  6.25  kHz,  f2  =  7,5  kHz,  L,  =  Lz  =  60  dB 
>PL).  DPOAEs  were  monitored  before  (5  trials,  solid  bars),  during 
5  trials,  open  bars)  and  after  (5  trials,  solid  bars)  presentation  of 
VBN  (70  dB  SPL)  to  the  contralateral  ear.  Each  ‘trial’  represents  a 
0  spectra  average  and  required  5  sec  to  complete.  Data  are  repre- 
ented  as  means  ±S.E.  (N  -  35). 

*est  (1  min;  10  min)  for  one  representative  animal. 
\lthough  the  extent  of  the  amplitude  decline  is  limited 
n  subsequent  trials  (due  to  the  shortened  periods  of 
:ontinuous  stimulation;  approximately  3.3  vs  8.3  min), 
Dn-  and  off-effects  are  nearly  identical  in  magnitude 
md  time  course  and  the  slopes  of  the  growth  and 
iecay  portions  of  the  curves  remain  constant.  After  a 
onger  period  of  rest  from  continuous  stimulation  (10 
ninX  some  additional  recovery  of  distortion  product 
implitude  is  evident.  Similar  results  were  obtained  in  4 
idditional  animals. 


3.2 .  Amplitude  alterations  during  contralateral  WBN 
stimulation 

Contralateral  suppression  of  both  f2~f\  and  2 fx~f2 
DPOAEs  was  observed  in  34  of  35  animals  tested.  The 
f2~fi  DPOAE  was  reduced  approximately  1.7  dB  (Fig. 
3 A)  and  the  lfx-f2  DPOAE  was  reduced  approxi¬ 
mately  1.2  dB  (Fig.  3B)  in  the  presence  of  a  70  dB  SPL 
contralaterally-presented  WBN.  In  both  cases,  the  con¬ 
tralateral  stimulation-associated  reductions  in  DPOAE 
amplitude  reached  significance  ( P  <  0.001).  When  con¬ 
tralateral  sound  effects  are  expressed  in  terms  of  per¬ 
cent  reduction  of  baseline  distortion  product  ampli¬ 
tude,  the  DPOAE  was  reduced  by  roughly  13%, 
the  2 /,-/2  DPOAE  by  6%. 

3.3.  Effects  of  stimulus  variables  and  DPOAE  type 
Intensity  effects 

On  average  (N  =  9),  the  magnitudes  of  the  compo¬ 
nent  amplitude  alterations  associated  with  continuous 
ipsilateral  stimulation  decreased  as  stimulus  intensity 
was  increased  (Figs.  4A-C).  Intensity-related  changes 
in  on-  (4A-B;  4D-E)  and  off-effect  magnitudes  (AC- 
D)  reached  overall  significance,  with  post-hoc  compar¬ 
isons  (Tukey)  revealing  significant  differences  between 
values  obtained  at  50  and  60  dB  SPL  ( P  <  0.01)  and  50 
and  70  dB  SPL  (P  <  0.01)  but  not  60  and  70  dB  SPL 
(P>0.05).  The  magnitude  of  the  pre-rest  amplitude 
decline  (AB-C)  associated  with  50  dB  SPL  primaries 
was  more  variable  between  animals.  Thus,  intensity-re¬ 
lated  alterations  in  the  magnitude  of  pre-rest  ampli¬ 
tude  decline  failed  to  reach  overall  significance  (P  > 
0.05).  Responses  to  primary  stimuli  at  40  dB  SPL 
(N  =  3  animals)  were  very  small  and  were  more  vari¬ 
able  in  amplitude  over  repeated  averages  within  ani¬ 
mals.  It  could  not,  therefore,  reliably  be  determined 
whether  effects  of  continuous  stimulation  continued  to 
grow  as  primary  level  was  reduced  further. 


50  dB  SPL  60  dB  SPL  70  dB  SPL 


0  3  6  9  12  15  0  3  6  9  12  15  0  3  6  9  12  15 
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Fig.  4.  Effect  of  primary  intensity  on  f2-f\  DPOAE  amplitude  alterations  (f\  =  6.25  kHz,  f2  —  7.5  kHz,  Lj  —  L2  =  50-70  dB  SPL)  associated 
vith  continuous  (N  =  9)  and  intermittent  (N  *  6)  stimulations.  Data  are  represented  as  means  ±  S.E. 
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Duration  effects 

In  a  subgroup  of  these  animals  (N—  6),  DPOAE 
amplitudes  to  50,  60  or  70  dB  SPL  primaries  presented 
intermittently  (at  times  corresponding  to  points  A,  C 
and  F)  remained  very  stable  (Figs.  4A-C).  On  average, 
response  amplitude  to  60  dB  SPL  primaries  varied  less 
than  0.1  dB  over  a  corresponding  time  period.  We  did 
not  study  how  closely-spaced  in  time  the  periods  of 
primary  stimulation  must  be  in  order  to  produce  these 
characteristic  amplitude  alterations.  However,  for  peri¬ 
ods  of  intermittent  primary  stimulation  separated  by  30 
s  intervals,  distortion  product  recovery  from  the  post¬ 
rest  suppression  followed  a  gradual  course  over  the 
entire  period  of  post-rest  monitoring  and  the  degree  of 
amplitude  recovery  was  more  variable  than  that  ob¬ 
served  using  the  standard,  continuous  stimulation  pro¬ 
tocol. 

Both  the  magnitude  of  the  off-effect  and  the  time 
course  of  the  subsequent  recovery  were  sensitive  to  the 
duration  of  rest  from  continuous  stimulation.  In  gen¬ 
eral,  the  magnitude  of  the  off-effect  associated  with 
either  30  s  or  2  min  periods  of  rest  was  <  0.5  dB. 
Moreover,  although  the  times  to  maximum  amplitude 
following  the  1  and  2  min  rests  were  similar,  this  time 
course  was  variable  across  animals  following  the  abbre¬ 
viated  (30  s)  rest. 

Frequency  effects 

For  these  experiments,  (N  —  5)  two  additional  fre¬ 
quency  pairs  were  employed:  fx  =  2.5  kHz  and  f2  =  3 
kHz  which  yielded  an  f2-fx  DPOAE  at  500  Hz  and 
f{  =  10  kHz  and  f2  =  12  kHz  which  yielded  an  f2-fx 
DPOAE  at  2  kHz.  The  magnitudes  of  the  amplitude 
alterations  in  the  resulting  f2-fx  DPOAEs  were  then 
compared  to  those  observed  with  the  standard  primary 
pair  (fx  =  6.25  kHz,  f2  =  7.5  kHz;  f2-fx  =  1.25  kHz). 
No  clear  relationship  to  frequency  emerged  across  the 
primary  frequency  range  tested:  In  some  animals,  f2-f  x 
amplitude  alterations  were  similar  in  magnitude  for  the 
3  primary  pairs  tested  and  in  some  animals  effects  were 
larger  when  distortion  products  were  elicited  by  mid- 
or  high-  but  never  low-frequency  primaries. 

DPOAE  type 

Under  identical  conditions  of  stimulation,  amplitude 
alterations  in  the  2 f{-f2  DPOAE  at  5  kHz  were  sub¬ 
stantially  smaller  than  those  seen  for  the  f2-fx  DPOAE 
at  1.25  kHz.  In  general,  2 fx-f2  amplitude  increased 
slightly  ( <  1  dB)  over  the  first  few  minutes  of  continu¬ 
ous  primary  stimulation  and  subsequently  maintained 
this  higher  amplitude  for  the  remainder  of  the  stimula¬ 
tion  period  (Fig.  5).  In  none  of  these  animals  did  we 
observe  the  continuous  stimulation-related  decline  in 
2f{-f2  DPOAE  amplitude  observed  for  the  f2-fx 
DPOAE.  In  most  animals,  a  small  (approximately  0.5 
dB),  suppressive  off-effect  was  evident.  Our  ability  to 
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Fig.  5.  Effect  of  continuous  primary  stimulation  on  2fx-fz  DPOAE 
amplitude  ( fx  =  6.25  kHz,  f2  -  7.5  kHz,  L ,  =  L:  =  60  dB  SPL).  Data 
are  represented  as  means  ±S.E.  across  N  =  4  animals. 


observe  amplitude  alterations  in  this  distortion  product 
was  not  improved  when  stimulus  intensity  was  reduced 
to  50  dB  SPL,  nor  was  it  improved  when  2 fx-f2  fre¬ 
quency  was  matched  with  that  of  the  f2-f x  DPOAE 
under  primary  investigation  in  these  experiments  (1.25 
kHz).  In  these  latter  groups  of  animals,  however,  on- 
and  off-effects  were  occasionally  reversed  in  sign  - 
that  is,  on-effects  appeared  as  small  reductions  in  the 
amplitude  of  the  2 fx-f2  DPOAE  and  off-effects  as 
small  increases  in  response  amplitude. 

3.4.  Pharmacologic  blockade  of  OC  efferents 

Control  perfusions 

In  contrast  to  the  remarkable  stability  of  the  2/1-/: 
DPOAE  to  the  manipulations  associated  with  cochlear 
perfusion  (e.g.,  Kujawa  et  al.,  1993;  Kujawa  et  al., 
1994),  the  f2-f\  DPOAE  was  altered  substantially  by 
perfusion.  All  components  of  the  perstimulus  f2-fx 
response  alterations  were  enhanced  by  the  first  perfu¬ 
sion  of  the  control  solution  (artificial  perilymph;  AP). 
In  particular,  the  pre-rest  amplitude  suppression  (AA~ 
C)  increased  from  an  average  of  less  than  3  dB  pre- 
perfusion  to  roughly  8  dB  post-AP  #1.  Similar  en¬ 
hancement  of  response  suppression  was  not  observed 
when  primaries  were  presented  only  intermittently  over 
the  same  time  period,  suggesting  that  the  additional 
amplitude  decline  is  not  due  solely  to  the  long  monitor¬ 
ing  periods  required  following  perfusion.  Response 
alterations  stabilized,  however,  following  the  initial  AP 
perfusion  and  additional  control  perfusions  (iV  =  7)  in 
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each  of  5  animals  produced  no  further,  significant 
changes  in  any  response  parameter.  Thus,  for  each 
animal,  values  obtained  following  AP  perfusion  #2 
were  employed  as  the  new  post-perfusion  baselines  to 
which  drug-related  changes  were  compared.  For  all 
post-perfusion  measures  (control  and  experimental), 
contralateral  suppression  studies  preceded  immedi¬ 
ately  our  monitoring  of  ipsilateral  stimulation-related 
changes  in  f2-f{  amplitude.  As  a  result  of  the  prior 
stimulations,  the  initial  on-effect  (4A-B)  described  for 
the  pre-perfusion  measures  is  not  obser/ed  in  these 
post-perfusion  amplitude  records.  The  on-effect  repre¬ 
sented  by  the  change  in  f2-f\  amplitude  from  points 
D-E  remains,  however,  and  was  employed  in  statistical 
analyses  of  drug  effects. 

Drug  perfusions 

Intracochlear  perfusion  of  bicuculline  (10  /xM)  re¬ 
duced,  but  did  not  block  the  component  alterations  in 
f2-f\  amplitude  during  ipsilateral  stimulation  (Fig.  6A). 
None  of  these  drug-related  changes  reached  signifi¬ 
cance  (F>0.05).  Curare  (Fig.  6B),  at  an  order  of 
magnitude  lower  concentration  (1  /iM),  reduced  signif¬ 
icantly  the  pre-rest  amplitude  decline  (P  <  0.05),  but 
drug-related  changes  in  on-  and  off-effects  failed  to 
reach  significance.  In  contrast,  contralateral  WBN  ef¬ 
fects  on  f y~f i  and  2/i-/2  DPOAEs  were  blocked 
reversibly  by  both  drugs  (Figs.  7A-B),  consistent  with 
our  previous  findings  for  the  2  fx -f2  DPOAE  (Kujawa 
et  al.,  1994).  Also  consistent  with  our  previous  findings, 
the  amplitude  of  the  2 /t-/2  DPOAE,  recorded  in  the 
absence  of  contralateral  stimulation,  was  increased 
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~ig.  6.  Effect  of  OC  efferent  antagonists  on  /2-/i  DPOAE  ampli- 
ude  alterations  during  continuous  primary  stimulation  ( fx  =  6.25 
cHz,  f2  =  7.5  kHz,  *  L2  =  6(LdB  SPL).  (A)  Response  amplitude 
means  ±S.E.;  N  *  5)  as  recorded  following  the  second  control  per- 
usion  (AP2),  bicuculline  (10  ^M)  and  the  second  wash  perfusion 
W2).  (B)  Response  amplitude  (means ±S.E.;  N  =  5)  as  recorded 
ol lowing  W2  above,  curare  (1  /xM)  and  two  additional  wash  perfu- 
ions  (W2b).  For  reading  ease,  symbols  occur  only  at  every  3rd  data 
Joint;  connecting  lines  follow  all  data  points. 


without  contralateral  WBN 
with  contralateral  WBN 
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Fig.  7.  Effect  of  OC  efferent  antagonists  on  contralateral  WBN 
suppression  of  (A)  /2-/i  and  (B)  2/1-/2  DPOAEs  (fx  =  6.25  kHz, 
f2  =  7.5  kHz,  Lj  =  L2  **  60  dB  SPL).  In  each  panel,  DPOAE  ampli¬ 
tudes  (means  ±S.E.,  N  =  5)  are  shown  following  perfusions  of  control 
solutions  (AP2),  bicuculline  (10  /xM,  B1C),  wash  perfusions  (Wl, 
W2),  curare  (1  juM,  CUR)  and  two  additional  washes  (Wlb,  W2b). 


from  levels  observed  following  perfusions  of  artificial 
perilymph.  We  now  extend  those  observations  to  in¬ 
clude  similar  effects  of  these  antagonists  on  f2-fl 
DPOAE  amplitude. 

In  view  of  the  long  post-perfusion  monitoring  peri¬ 
ods  employed  in  these  studies,  it  appeared  possible 
that  the  inability  of  the  drugs  to  block  the  ipsilateral 
effects  might  relate  to  a  gradual  washing  of  the  drugs 
from  the  cochlear  perilymph  with  replacement  CSF 
before  post-perfusion  measurements  could  be  com¬ 
pleted.  In  pilot  experiments,  post-drug  contralateral 
suppression  was  monitored  after,  rather  than  before 
ipsilateral  stimulation  measures  and,  in  those  animals, 
contralateral  suppression  could  not  be  observed,  sug¬ 
gesting  that  the  drugs  remained  effective  in  blocking 
the  efferents  even  at  this  extended  time  post-perfusion. 
Nevertheless,  an  additional  subgroup  of  animals  (N  = 
4)  was  tested  in  which  the  cochlear  aqueduct  was 
blocked  prior  to  perfusion.  In  these  animals,  the  mag¬ 
nitude  of  blockade  of  the  ipsilateral  effects  was  not 
altered  substantially  from  that  seen  in  aqueduct-patent 
animals.  Of  interest,  when  aqueduct-patent  animals 
were  subsequently  anesthetized  with  Nembutal  (30 
mg/kg,  i.p.)  and  ipsilateral  stimulation  measures  re¬ 
peated,  reductions  in  the  magnitudes  of  the  component 
f2-fx  amplitude  alterations  were  similar  to  those  ob¬ 
tained  following  antagonist  perfusions  in  urethane- 
anesthetized  animals  (see  Fig.  8). 
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Fig.  8.  Effect  of  Nembutal  anesthesia  on  f2-fi  DPOAE  amplitude 
alterations  during  continuous  primary  stimulation  (/t  -  6.25  kHz. 
f2=  7.5  kHz,  L1  =  L:  =  60  dB  SPL).  Perfusion  experiments  com¬ 
pleted  under  urethane  anesthesia  (AP  Wash  2B)  were  followed  by 
administration  of  Nembutal  (30  mg/kg,  i.p.)  to  N  =  3  animals.  Ap¬ 
proximately  15  min  later,  post-Nembutal  response  measures  were 
obtained.  Symbols  occur  only  at  every  3rd  data  point;  connecting 
lines  follow  all  data  points. 


Time  (min) 

Fig.  9.  Effect  of  TTX  on  f2-f{  DPOAE  amplitude  alteratior 
during  continuous  primary  stimulation  (/t  =  6.25  kHz,  f2  =  7.5  kH 
Ll  =  L2  =  60  dB  SPL).  Shown  are  response  amplitude  means ±S.l 
(N  =  6)  following  perfusions  of  control  solutions  (AP2)  and  TT 
(lptM).  Symbols  occur  only  at  every  3rd  data  point:  connecting  line 
follow  all  data  points. 


The  concentrations  of  OC  antagonists  employed  in 
the  perfusion  experiments  were  chosen  based  on  de¬ 
tailed  studies  of  dose-response  relations  for  the  phar¬ 
macologic  blockade  of  contralateral  sound  suppression 
(Kujawa  et  al.,  1994).  In  those  experiments,  bicuculline 
(10  juM)  and  curare  (1  ^iM)  both  were  effective  in 
blocking  that  efferent-mediated  response.  The  substan¬ 
tially  lesser  potency  of  these  drugs  in  blocking  the 
ipsilateral  effects  under  study  here  suggested  that  fur¬ 
ther  clarification  of  the  extent  of  efferent  involvement 
was  necessary.  Thus,  two  additional  manipulations  were 
performed  in  separate  groups  of  animals.  In  one  group 
(N  =  6),  the  cochlear  perilymph  was  perfused  with 
TTX  (1  ^M)  which  should  block  all  action  potential- 
mediated  activity.  Following  such  perfusions,  the  mag¬ 
nitude  of  the  off-effect  was  reduced  (Fig.  9),  but  the 
pre-rest  amplitude  decline  did  not  differ  significantly 
from  baseline  values  (P>  0.05).  In  these  same  animals, 
contralateral  suppression  of  both  distortion  products 
(Figs.  10A-B)  was  prevented  ( P  <  0.01)  and  the  round 
window-recorded  auditory  nerve  compound  action  po¬ 
tential  (CAP)  at  10  kHz  was  not  observed  at  any 
intensity  (to  102  dB  SPL)  following  perfusion  of  the 
cochlear  perilymph  with  TTX.  Figs.  10A-B  also  reveal 
that  the  absolute  amplitudes  of  the  /2-/t  and  2  frf2 
DPOAEs  were  affected  differently  by  this  manipula¬ 
tion:  The  2/,-/2  DPOAE  is  reduced  in  amplitude 
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Fig.  10.  Effect  of  TTX  on  contralateral  WBN  suppression  of  (. 

and  (B)  Ifi-fz  DPOAEs  if,  =  6.25  kHz,  /,  =  7.5  kHz,  Lt 
L2  =  60  dB  SPL).  In  each  panel,  DPOAE  amplitudes  (means  ± Si 
N  -  6)  are  shown  following  perfusions  of  control  solutions  (AP- 
TTX  (1/xM)  and  two  wash  perfusions  (Wl,  W2). 
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following  attempts  at  washout;  f2-f\  amplitude  is  little 
changed. 


3.5.  OC  efferent  section 


A  second  manipulation  performed  to  clarify  the 
extent  of  OC  involvement  in  these  ipsilateral  effects 
involved  section  of  OC  neurons  at  the  midline  of  the 
floor  of  the  IVth  ventricle.  The  overall  amplitude  of 
the  f2-fi  DPOAE  was  reduced  following  surgical  ex¬ 
posure  of  the  floor  of  the  IVth  ventricle,  but  the 
magnitudes  of  the  component  amplitude  alterations  in 
this  distortion  product  were  essentially  unchanged  (Fig. 
11).  Section  of  the  OC  efferents  at  the  midline  of  the 
IVth  ventricle  floor  produced  no  further  changes  in 
absolute  DPOAE  amplitude  and  did  not  alter  substan¬ 
tially  the  /2-/i  amplitude  alterations  observed  during 
continuous  ipsilateral  stimulation.  In  contrast,  con¬ 
tralateral  suppression  of  both  f2~f\  and  2fl-f2 
DPOAEs  was  prevented  by  midline  section  (Figs.  12A- 
B).  This  may  have  occurred  due  to  involvement  of 
UMOC  neurons  in  the  midline  cuts,  as  these  fibers  can 
course  very  near  the  brainstem  midline,  at  least  in  cat 
(Gifford  and  Guinan,  1987)  and  mouse  (Brown,  1993b). 
Here  again,  f2-fx  and  2 fx-f2  distortion  components 


Time  (min) 

Fig.  11.  Effect  of  OC  section  on  f2-fi  DPOAE  amplitude  alter¬ 
ations  during  continuous  primary’  stimulation  (fx  -  6.25  kHz,  f2  =  7.5 
kHz,  Lj  =  L2  =  60  dB  SPL).  Shown  are  response  amplitude  means ± 
S.E.  (N  =  4)  prior  to  exposure  of  the  IVth  ventricle  (Pre-Exposure), 
following  IVth  ventricle  exposure  (Post-Exposure)  and  following 
midline  section  of  OC  fibers  (Post-Section).  Symbols  occur  only  at 
every  3rd  data  point;  connecting  lines  follow  all  data  points. 
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Fig.  12.  Effect  of  OC  section  on  contralateral  WBN  suppression  of 
(A)  f 2~ f \  and  (B)  2 f{-f2  DPOAEs  (ft  =  6.25  kHz,  f2  -  7.5  kHz, 
Lj  =  L2  ~  60  dB  SPL).  In  each  panel,  DPOAE  amplitudes  (means  ± 
S.E.,  N  =  4)  are  shown  before  exposure  of  the  IVth  ventricle  (Pre- 
Exp)  and  following  midline  OC  section  (Post  Section). 


display  different  post-manipulation  behaviors:  The  re¬ 
duction  in  absolute  distortion  product  amplitude  seen 
for  the  f2-f\  DPOAE  following  exposure  of  the  IVth 
ventricle  is  not  reflected  in  the  2/1-/2  DPOAE. 


4.  Discussion 

4.1.  Alterations  in  magnitude  of  auditory  system  response 

Alterations  in  the  magnitude  of  auditory  system 
response  during  and  following  continuous  stimulation 
are  well  documented.  Alterations  with  short  (ms)  time 
courses  have  been  observed  in  responses  of  afferent 
neurons  (e.g.,  Kiang  et  al.,  1965;  Young  and  Sachs, 
1973a)  and  with  longer  (min)  time  courses  in  behav¬ 
ioral  responses  to  sound  (e.g.,  Moore,  1968;  Noffsinger 
and  Tillman,  1970;  Young  and  Sachs,  1973b).  Response 
enhancements  at  the  onset  of  stimulation,  perstimula- 
tory  declines  and  post-stimulatory  depressions  in  re¬ 
sponse  magnitude  all  have  been  observed.  Of  impor¬ 
tance  here,  such  alterations  have  been  observed  for 
stimulations  at  intensity  levels  that  should  not  produce 
permanent,  deleterious  effects  on  cochlear  structures. 
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4.2 ’  f2-fl  amplitude  alterations 

Given  these  observations,  it  should  not  be  surprising 
that  time-varying  alterations  in  the  amplitude  of  the 
f2-fi  DPOAE  are  observed  during  continuous  primary 
stimulation.  The  perstimulatory  amplitude  changes  re¬ 
ported  here  are  qualitatively  similar  to  those  reported 
by  others  for  similar  conditions  of  stimulation.  Both 
Brown  (1988)  and  Whitehead  et  al.  (1991)  reported 
initial  increases  in  f2-f\  DPOAE  amplitude  that  were 
followed  by  gradual  declines  during  continued  primary 
stimulation.  Consistent  with  results  presented  by 
Whitehead  and  colleagues,  we  observed  the  response 
amplitude  maximum  (on-effect)  to  occur  approximately 
2  min  into  the  period  of  continuous  stimulation.  There¬ 
after,  response  amplitude  declined  gradually  over  the 
remaining  period  of  stimulation.  Although  the  magni¬ 
tude  of  this  amplitude  decline  was  similar  across  ani¬ 
mals  for  60  dB  SPL  primaries,  it  became  substantially 
more  variable  as  primary  level  was  reduced.  Brown 
(1988),  employing  lower  primary  levels  (20-55  dB  SPL), 
also  reported  large  variations  in  magnitude  of  the  f2-f\ 
amplitude  decline.  This  variability  may  account,  at 
least  in  part,  for  the  reported  differences  in  magnitude 
of  effect  between  the  various  investigations  of  this 
phenomenon. 

A  suppressive  off-effect  of  continuous  primary  stim¬ 
ulation  has  not  been  reported  by  previous  investigators 
of  these  f2-f\  amplitude  alterations.  In  reviewing  those 
reports,  it  was  noted  that  rest  periods  from  primary 
stimulation  employed  in  those  studies  generally  ex¬ 
ceeded  the  1  min  rest  employed  here.  Furthermore, 
when  the  distortion  product  was  monitored  by  Brown 
(1988)  after  a  3  min  rest,  partial  recovery  of  response 
amplitude  already  was  apparent.  In  the  present  experi¬ 
ments,  the  magnitude  of  this  off-effect  was  substan¬ 
tially  reduced  when  rest  periods  of  either  30  s  or  2  min 
were  employed.  Thus,  it  is  not  surprising  that  such 
additional  response  suppression  was  not  observed  by 
Whitehead  et  al.  (1991)  who  employed  rest  periods  of  5 
min  or  longer  and  Brown  (1988)  who  generally  em¬ 
ployed  rest  periods  exceeding  2-3  min.  According  to 
the  present  results,  the  lengths  of  rest  used  by  these 
investigators  would  likely  have  precluded  their  observa¬ 
tion  of  this  time-dependent  effect. 

4.3.  2fl-f2  amplitude  alterations 

Consistent  with  earlier  investigations  of  these  per¬ 
stimulatory  DPOAE  amplitude  changes,  corresponding 
changes  in  the  amplitude  of  the  2/l-/2  DPOAE  were 
very  small  or  were  not  observed.  In  psychophysical 
paradigms,  quadratic  (f2-f{)  and  cubic  (2/l-/2)  non- 
linearities  can  display  different  behaviors  (Goldstein, 
1967;  Zwicker,  1979).  Moreover,  these  two  distortion 
components  can  exhibit  different  vulnerabilities  to 


cochlear  insult  (Kujawa  and  Bobbin,  unpublished  ob¬ 
servations;  see  also  Figs.  10  and  12  in  the  present 
report).  Such  observations  suggest  that  the  mechanisms 
underlying  generation  of  cubic  and  quadratic  cochlear 
nonlinearities  are  not  identical  (for  discussion,  see 
Brown,  1993a). 

4.4.  Contralateral  suppression 

Although  Kirk  and  Johnstone  (1993)  failed  to  ob¬ 
serve  convincing  alterations  in  2frf2  amplitude  during 
periods  of  contralateral  WBN  stimulation,  results  ob¬ 
tained  in  the  present  experiments  are  in  excellent 
agreement  with  previous  reports  of  2 fx-f2  amplitude 
suppression  by  contralateral  noise  (Kujawa  et  al.,  1993; 
Kujawa  et  al.,  1994;  Puel  and  Rebillard,  1990;  Puria  et 
al.,  1992).  Consistent  with  the  report  of  Kirk  and 
Johnstone,  we  also  observed  contralateral  sound  sup¬ 
pression  of  the  f2-f{  DPOAE  in  virtually  all  animals 
tested.  On  average,  the  magnitude  of  this  suppression 
was  slightly  greater  than  that  observed  for  the  2 fx-f2 
DPOAE  although,  in  individual  animals,  it  could  be 
substantially  greater. 

4.5.  Sites  and  mechanisms  underlying  response  modula¬ 
tion 

One  possible  mechanism  that  might  account  for  the 
f2-fi  amplitude  changes  observed  during  continuous 
ipsilateral  stimulation  involves  modulation  of  the 
cochlear  mechanical  response  by  OC  neurons.  This 
efferent  influence  would  be  accomplished  via  neuro- 
transmitter  (and  neuromodulator)  substances.  Based 
on  the  finding  of  bicuculline  (10  /iM)  blockade  of 
ipsilateral  and  contralateral  stimulation-related  alter¬ 
ations  in  /2-/j  amplitude,  Kirk  and  Johnstone  (1993) 
suggested  that  both  processes  are  controlled  via 
GABAergic  efferent  pathways.  In  the  present  experi¬ 
ments,  however,  the  GABA  antagonist,  bicuculline,  at 
a  concentration  of  10  /xM,  was  less  effective  than  the 
nicotinic  cholinergic  antagonist,  curare,  at  1  juM,  in 
antagonizing  the  perstimulatory  amplitude  reductions 
in  f 2~~f  i *  Neither  drug  blocked  these  ipsilateral  effects 
completely  yet  both  drugs  blocked  completely  con¬ 
tralateral  sound  suppression  of  f2-f\  and  2f{-fz 
DPOAEs.  Our  ability  to  pharmacologically  antagonize 
these  ipsilateral  effects  was  not  improved  substantially 
in  animals  in  which  the  cochlear  aqueduct  had  been 
blocked  prior  to  perfusion.  Finally,  neither  TTX  nor 
OC  section  altered  substantially  the  ipsilateral  stimula¬ 
tion-related  effects. 

We  have  previously  characterized  the  pharmacology 
of  contralateral  sound  suppression  of  the  2f{-fz 
DPOAE  response  to  primaries  within  the  range  stud¬ 
ied  by  Kirk  and  Johnstone  (Kujawa  et  al.,  1994).  Re¬ 
sults  of  those  studies  suggested  that  a  nicotinic-like 
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cholinergic  receptor  mediated  such  suppression. 
Specifically,  nicotinic  antagonists  (a-  and  k- 
bungarotoxins,  curare)  and  strychnine  were  most  po¬ 
tent  (I C50  values  were  achieved  at  nanomolar  concen¬ 
trations  of  these  drugs).  Bicuculline  also  was  surpris¬ 
ingly  effective  in  blocking  this  response  suppression 
vIC50  =  2.39  X  10~6).  Nicotinic  receptor  sensitivity  to 
blockade  by  both  strychnine  and  bicuculline  has  been 
demonstrated  in  several  systems  (see  Kujawa  et  al., 
1994  for  review).  This  sensitivity  has  been  suggested  to 
reflect  a  strong  structural  homology  between  the  recep¬ 
tors  belonging  to  the  super  family  that  includes  recep¬ 
tors  for  ACh,  glycine  and  GABA  (e.g.,  Grenningloh  et 
al.,  1987;  Schofield  et  al.,  1987). 

At  present,  we  cannot  explain  the  differences  be¬ 
tween  the  two  investigations  with  regard  to  the  magni¬ 
tudes  of  effect  of  bicuculline  and  TTX.  The  discussion 
of  bicuculline’s  effects  by  Kirk  and  Johnstone  (1993), 
however,  suggests  that  substantial  variability  between 
animals  in  magnitude  of  drug  effect  was  encountered. 
Perfusion  also  increased  the  variability  in  the  f2-f \ 
DPOAE  in  our  own  experiments  ■-  both  for  control 
and  experimental  solutions.  Additional  procedural  dif¬ 
ferences  between  the  investigations  may  have  con¬ 
tributed  to  observed  differences  in  drug  effects,  as  well. 
In  the  present  experiments,  middle  ear  muscles  were 
sectioned;  in  the  Kirk  and  Johnstone  studies,  animals 
were  paralyzed  in  an  attempt  to  prevent  middle  ear 
muscle  contraction.  There  are  differences  in  anesthetic 
agents  employed  and  in  placement  of  perfusion  and 
effluent  holes  in  the  cochlea  between  the  two  investiga¬ 
tions. 

In  view'  of  the  lack  of  effect  of  TTX  and  OC  section 
on  these  response  alterations,  we  also  cannot  explain 
the  partial  blockade  of  these  amplitude  alterations  by 
the  OC  antagonists.  However,  Nembutal  produced  a 
blockade  of  the  ipsilateral  effects  indistinguishable  from 
that  associated  with  bicuculline  and  curare.  This  effect 
certainly  cannot  be  due  to  selective  or  specific  block¬ 
ade  of  receptors  for  the  OC  neurotransmitter.  Rather, 
this  finding  suggests  that,  at  these  concentrations,  bicu¬ 
culline,  curare  and  Nembutal  may  be  acting  nonselec- 
tively  to  block  a  channel  operating  in  the  OHCs.  Evi¬ 
dence  for  channel  blockade  by  bicuculline  and  curare 
was  provided  at  the  level  of  isolated  OHCs  by  Erostegui 
et  al.  (1994). 

4.6.  Does  efferent  control  underlie  f 2~f  j  DPOAE  ampli¬ 
tude  alterations? 

Results  of  the  present  experiments  do  not  make  it 
possible  to  specify  the  mechanism(s)  underlying  the 
perstimulatory  alterations  in  f2~f\  amplitude  de¬ 
scribed  here.  The  results  suggest,  however,  that  they 
are  not  primarily  the  result  of  efferent  control.  More¬ 
over,  as  reviewed  by  Young  and  Sachs  (1973a),  since 
sound-induced  increases  in  efferent  firing  rate  are  max¬ 


imum  at  stimulus  onset  (Fex,  1962)  and  OC  inhibition 
of  afferent  activity  decreases  with  time  during  a  main¬ 
tained  stimulus  (Wiederhold  and  Kiang,  1970),  it  fol¬ 
lows  that  efferent  activation  should  be  associated  with 
a  perstimulatory  response  suppression  which  is  maxi¬ 
mum  near  stimulus  onset,  rather  than  the  observed 
enhancement  of  suppression  with  time.  The  experi¬ 
ments  cannot  rule  out  an  entirely  peripheral  efferent 
effect  on  f2-fx  DPOAE  amplitude;  however,  if  such 
an  influence  exists,  it  does  not  appear  to  involve  action 
potential-mediated  activity.  Additionally,  if  would  have 
to  follow  a  time  course  much  longer  than  that  de¬ 
scribed  to  date  for  OC-mediated  effects  -  even  the 
recently-described  ‘slow  effects'  of  OC  stimulation 
(Sridhar  et  al.,  1994)  which  demonstrated  a  pharmacol¬ 
ogy  consistent  with  that  previously  described  for  con¬ 
tralateral  suppression  (Kujawa  et  al.,  1994).  A  second 
mechanism  that  might  underlie  these  ipsilateral  effects 
could  involve  local,  adaptive  changes  occurring  at  the 
level  of  the  hair  cells.  Adaptation  of  the  hair  cell 
transduction  current  during  sustained  mechanical  de¬ 
flection  has  been  demonstrated  in  vertebrate  (although 
not  yet  mammalian)  hair  cells  (e.g.,  Crawford  et  al., 
1989;  Eatock  et  al.,  1987;  Assad  and  Corey,  1992). 
Further,  it  has  been  suggested  that  distortion  product 
responses  arise  from  nonlinearities  in  hair  cell  channel 
gating  mechanisms  (Jaramillo  et  al.,  1993).  It  is  possi¬ 
ble  that  such  adaptive  changes  could  be  reflected  in 
otoacoustic  emissions.  In  previous  work  by  Siegel  et  al. 
(1982)  temporary'  reductions  in  the  amplitudes  of  f2-fx 
and  2/1-/2  distortion  components  recorded  at  the  level 
of  single  afferent  units  were  observed  following  stimu¬ 
lations  as  low  as  60  dB  SPL.  The  authors  noted  that 
these  alterations  resembled  those  observed  following 
higher-level,  fatiguing  stimulations.  In  subsequent  pa¬ 
pers,  we  will  report  the  results  of  experiments  in  which 
we  investigated  the  influence  of  local,  calcium-depen¬ 
dent  mechanisms  and  chronic,  moderately-intense  noise 
exposures  on  these  amplitude  alterations. 
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Abstract 

The  distortion  product  otoacoustic  emission  (DPOAE)  corresponding  to  the  frequency  f2-fj  displays  stereotyped,  time-varying 
amplitude  alterations  during  continuous  primary'  tone  stimulation.  The  origin  of  these  alterations  is  unknown;  however,  evidence  that 
efferent  neurons  contribute  little  to  the  changes  has  been  presented  (Kujawa  et  al.,  1994a.  1995;  Lowe  and  Robertson,  1995).  The  present 
investigation  examines  the  hypothesis  that  these  alterations  in  f2-f,  amplitude  are  a  reflection  of  local,  Ca2+-dependertt  mechanisms 
involving  the  outer  hair  cell  (OHO  response  to  sustained  stimulation.  Experiments  were  performed  using  urethane-anesthetized  guinea 
pigs  with  sectioned  middle  ear  muscles.  Intracochlear  perfusion  was  employed  to  reversibly  lower  perilymph  Ca2^  levels  and  to  introduce 
antagonists  and  agonists  of  L-type  Ca2^  channels.  Manipulations  that  lowered  available  Ca2  +  (zero  Ca2+  artificial  perilymph;  zero  Ca_~ 
with  BAPTA)  or  that  blocked  its  entry  into  the  cell  via  L-type  Ca2*  channels  (nimodipine)  reduced,  prevented  or  reversed  the 
perstimulatory  changes  in  f7-f,  DPOAE  amplitude.  These  perilymph  manipulations  also  reduced  the  overall  amplitude  of  this  distortion 
component  while  perfusion  of  an  L-type  Ca2‘  channel  agonist  (Bay  K  8644)  increased  its  amplitude.  Mg2^  did  not  substitute  for  Ca2~, 
suggesting  that  these  are  not  merely  divalent  cation  effects.  Results  are  consistent  with  the  hypothesis  that  continuous  stimulation-related 
changes  in  f2-f,  DPOAE  amplitude  are  sensitive  to  perilymph  Ca2^  levels  and  to  the  function  of  L-type  Ca2+  channels.  However, 
nimodipine  also  reduced  the  endocochlear  potential  (EP)  and  Bay  K  8644  increased  the  EP.  The  sensitivity  of  both  the  perstimulatory 
changes  in  f,-fj  DPOAE  amplitude  and  the  EP  to  the  latter  drugs  leaves  their  site(s)  of  action  unresolved. 

Keywords:  Adaptation;  Calcium;  Distortion  product;  Non-linearity;  Outer  hair  cell;  Otoacoustic  emission 


1.  Introduction 

The  f2-fj  distortion  product  otoacoustic  emission 
(DPOAE)  displays  stereotyped,  time-varying  amplitude  al¬ 
terations  during  continous,  primary  tone  stimulation.  If 
monitored  after  a  period  of  silence,  the  f2-fj  DPOAE 
response  to  continuous  primaries  undergoes  a  short  period 
of  amplitude  growth  followed  by  a  progressive  reduction 
in  amplitude  during  continued  stimulation  (Brown,  1988; 
Whitehead  et  ah,  1991;  Kirk  and  Johnstone,  1993;  Kujawa 
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et  al.,  1994a, 1995;  Lowe  and  Robertson,  1995).  If  the 
primaries  are  then  removed  and  there  is  a  1  min  rest  from 
such  stimulation,  further  response  decrement  is  apparent 
immediately  upon  re-introduction  of  the  primary  tones 
(Kujawa  et  al.,  1994a,  1995).  The  response  subsequently 
repeats  its  initial  pattern  of  amplitude  growth  followed  by 
slow  decline  as  primary  tone  stimulation  is  continued. 
Similar  amplitude  alterations  have  not  been  observed  in 
the  cubic  distortion  product,  2fj-f2. 

The  mechanisms  underlying  these  stimulation-related 
changes  in  the  f2-f  {  DPOAE  remain  unclear.  Medial  olivo¬ 
cochlear  (MOC)  efferent  neurons  respond  to  sound  (e.g., 
Liberman  and  Brown,  1986)  and  are  anatomically  well- 
situated  to  influence  the  response  properties  of  outer  hair 
cells  (OHC).  Electrical  and  acoustic  activation  of  MOC 
neurons  alters  DPOAEs  —  effects  presumed  related  to 
MOC  influences  on  OHCs  (Mountain,  1980;  Puel  and 
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Rebillard,  1990).  Thus,  one  possible  mechanism  that  might 
account  for  the  f2-f,  amplitude  changes  observed  during 
continuous  ipsilateral  sound  stimulation  involves  modula¬ 
tion  of  OHC  activity  by  ipsilaterally  responsive  MOC 
neurons.  However,  two  investigations  that  have  tested  this 
efferent-control  hypothesis  by  studying  the  effects  of  an¬ 
tagonists  of  cochlear  efferent  activity  (Kujawa  et  al.,  1995) 
and  of  midline  section  of  this  fiber  pathway  (Kujawa  et  al., 
1995;  Lowe  and  Robertson,  1995)  observed  little  impact  of 
these  manipulations  on  such  changes  in  f2-fj  DPOAE 
amplitude.  Thus,  it  appears  unlikely  that  the  efferent  inner¬ 
vation  to  the  cochlea  plays  a  substantial  role  in  producing 
these  particular  continuous  stimulation-related  f2-fj 
DPOAE  amplitude  alterations. 

A  second  mechanism  that  might  underlie  these  effects 
involves  local  changes  occurring  at  the  level  of  the  hair 
cells  in  response  to  sustained  stimulation.  Isolated  OHCs 
are  capable  of  responding  to  applied  AC  electrical  stimula¬ 
tions  with  rapid,  phasic  changes  in  length  (e.g.,  Ashmore, 
1987;  Brownell  et  al.,  1985).  If  similar  length  changes 
occur  in  vivo  in  response  to  sound,  they  may  allow  the 
OHCs  to  amplify  the  mechanical  stimulus  to  the  inner  hair 
cells  (IHC)  by  providing  a  cycle-by-cycle  boost  at  low 
stimulus  levels  (see  Dallos,  1992  for  review).  Inherent  in 
such  length  changes  are  non-linearities  that  are  revealed  as 
a  tonic,  or  DC  component  that  follows  the  envelope  of  the 
stimulus  waveform  (e.g.,  Santos-Sacchi,  1989;  Evans  et 
al.,  1991).  DC  motions  also  can  be  observed  in  isolated 
OHCs  in  response  to  acoustic  (mechanical)  stimulations 
(Canlon  et  al.,  1988;  Brundin  and  Russell,  1994)  and  these 
motions  are  reflected  in  DC  position  shifts  of  the  reticular 
lamina  (Brundin  et  al.,  1992)  and  basilar  membrane 
(LePage.  1987).  It  has  been  suggested  (Zenner  and  Ernst, 
1993)  that,  in  vivo,  DC  OHC  length  changes  could  influ¬ 
ence  the  operating  point  of  the  stereocilia  and,  by  changing 
their  sensitivity  to  displacement,  may  contribute  to  such 
processes  as  adaptation  during  sustained  stimulation  and 
the  temporary  changes  in  sensitivity  that  follow  overstimu¬ 
lation.  Unlike  the  phasic  (AC)  component  of  the  electro- 
motile  response,  which  is  comparatively  immune  to  trauma 
and  does  not  require  immediate  metabolic  (Ca2  +  ,  ATP) 
support  (Kachar  et  al.,  1986;  Ashmore,  1987),  tonic  (DC) 
motions  of  OHCs  are  highly  vulnerable  to  overstimulation 
(Evans  et  al.,  1991)  and  to  pharmacologic  manipulations 
and  are  metabolically  dependent  (Canlon  and  Brundin, 
1991). 

The  mechanical  response  of  the  cochlear  partition  to 
sound,  at  least  for  lower  levels  of  stimulation,  is  thought  to 
reflect  the  physiologically  vulnerable,  active  motion  of  the 
OHCs  (Robles  et  al.,  1991;  Mammano  and  Ashmore, 
1993).  DPOAEs  are  a  reflection  of  non-linearities  in  that 
mechanical  response  (Robles  et  al.,  1991).  Although  the 
specific  mechanisms  underlying  distortion  product  genera¬ 
tion  are  not  fully  understood,  they  are  widely  regarded  to 
directly  involve  the  OHCs.  With  regard  to  the  acoustic 
distortion  product  at  f2-fp  Brown  (1993,  1994)  has  argued 


that  this  non-linearity  may  be  closely  tied  to  the  tonic 
motile  response  of  OHCs  to  the  beat  cycle  envelope  of  the 
two-tone  stimulus.  According  to  Brown,  if  these  highly 
non-linear  OHC  length  changes  result  in  rectification  of 
the  response  to  bitonal  stimulation,  a  difference  frequency 
(f2-f , )  would  be  generated  which  could  propagate  outward 
to  be  recorded  as  an  acoustic  distortion  product  emission. 
Such  responses  may  provide  an  indirect  means  to  study,  in 
vivo,  the  OHC  response  to  sustained  stimulation. 

We  have  speculated  previously  (Kujawa  et  al.. 
1994a.  1995)  that  the  slow  changes  in  f2-f,  DPOAE  ampli¬ 
tude  that  are  observed  during  sustained,  moderate-level 
primary  stimulation  are  the  result  of  Ca~  -dependent, 
adaptive  changes  occurring  at  the  level  of  the  OHCs.  The 
present  investigation  was  undertaken  to  examine  that  hy¬ 
pothesis.  Intracochlear  perfusion  techniques  were  em¬ 
ployed  to  reversibly  lower  perilymph  Ca"4"  levels  and  to 
introduce  antagonists  and  agonists  of  L-type  Ca2'r  chan¬ 
nels.  We  studied  the  effects  of  these  perilymph  Ca2" 
manipulations  on  the  time-varying,  perstimulatory  changes 
in  f,-f,  DPOAE  amplitude.  Preliminary  results  have  been 
reported  (Kujawa  et  al.,  1994a). 


2.  Methods 

2.7.  Subjects 

Experiments  were  performed  on  pigmented  guinea  pigs 
of  either  sex  weighing  between  250  and  400  g.  Anes¬ 
thetized  animals  (urethane.  Sigma;  1.5  g/kg.  i.p.)  were 
tracheotomized  and  were  allowed  to  breath  unassisted. 
ECG  and  rectal  temperature  were  monitored  throughout 
each  experiment  and  rectal  temperature  was  maintained  at 
38°  ±  1°C  by  a  heating  pad.  Additional  urethane  was  ad¬ 
ministered  as  required  to  maintain  an  adequate  depth  of 
anesthesia. 

Surgical  procedures  have  been  described  (Kujawa  et  al.. 
1994b).  Briefly,  cartilaginous  ear  canals  were  exposed  and 
partially  removed  to  allow  direct  and  optimum  coupling  to 
the  sound  delivery  system.  In  all  animals  the  right  auditory 
bulla  was  exposed  using  a  ventrolateral  approach  and 
tendons  of  the  right  middle  ear  muscles  were  sectioned. 

2.2.  DPOAE:  stimulus  generation  and  response  monitoring 

DPOAEs  (f2-fj,  1.25  kHz;  2frf2,  5  kHz)  were  elicited 
by  equilevel  primary  stimuli  (f[  =  6.25  kHz;  f:  =  7.5  kHz; 
f2/fj  =  1.2)  delivered  to  the  right  ear  of  each  animal  by  an 
acoustic  probe  assembly  (see  Kujawa  et  al..  1995  for 
additional  details).  Output  from  the  probe  microphone  was 
led  via  a  microphone  preamplifier  to  a  dynamic  signal 
analyzer  for  fast 'Fourier  transform  analysis  (averaging  10 
discrete  spectra)  and  spectral  display  (span  =  1  kHz:  CF  — 
DP  frequency;  BW  =  3.75  Hz).  The  noise  floors  associated 
with  these  display  windows  averaged  approximately  -  12 
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Fig.  1.  A  typical  example  of  the  effect  of  continuous  primary  stimulation 
on  f->-f j  DPOAE  amplitude  (f,  =  6.25  kHz.  f\  —  7.5  kHz.  L s  =  L:  =  60 
dB  SPL).  Each  data  point  represents  a  10-spectra  average  and  required  5  s 
to  complete.  Break  in  response  amplitude  trace  (C-D)  represents  1  min 
with  no  primary  stimulation.  Points  A-F  thus  identified  in  each  trace 
were  used  to  calculate  magnitudes  of  component  amplitude  changes  for 
statistical  analyses  of  treatment  effects  across  animals.  This  particular 
trace  was  obtained  following  a  control  artificial  perilymph  perfusion 
(AP2). 


dB  SPL  for  the  f,-f,  DPOAE  and  -  15  dB  SPL  for  the 
2f,-f2  DPOAE. 

The  f2-fj  DPOAE  response  to  continuous,  moderate- 
level  (60  dB  SPL)  primaries  was  monitored  as  described  in 
a  previous  report  (Kujawa  et  al.,  1995).  In  brief,  100 
consecutive  10-spectra  averages  of  distortion  product  am¬ 
plitude  were  obtained  during  continuous  primary  stimula¬ 
tion.  Each  of  these  averages  required  approximately  5  s  to 
complete  for  a  total  of  500  s  (8.3  min)  of  stimulation.  The 
primary  tones  were  then  simultaneously  turned  off  and 
there  was  a  1  min  rest  from  primary  stimulation.  Following 
this  rest,  the  primaries  were  re-introduced  and  40  consecu¬ 
tive  10-spectra  averages  of  distortion  product  amplitude 
were  obtained  (total  time  ~  200  s  or  2.3  min  of  stimula¬ 
tion).  Six  points  (A-F)  were  identified  on  each  response 
amplitude  function  (see  Fig.  1).  These  values  were  used  to 
characterize  the  component  amplitude  alterations  as  de¬ 
tailed  elsewhere  (Kujawa  et  al.,  1995).  They  include  an 
‘on-effect’  (A-B),  a  ‘slow  decline’  (B-C),  an  ‘off-effect’ 
(C-D)  and  a  ‘second  on-effect’  (D-E)  following  the  return 
to  stimulation.  The  distortion  products  at  f2-fj  and  2f,-f3 
also  were  studied  as  growth  functions  of  increasing  pri¬ 
mary  level  over  the  range  20-70  dB  SPL  in  5  dB  steps. 


2.3.  Cochlear  perfusion  experiments 

Perfusion  studies  were  undertaken  using  methods  de¬ 
scribed  previously  (Kujawa  et  al.,  1994b).  The  ‘normaf 
artificial  perilymph  had  a  composition  of:  137  mM  NaCl,  5 
mM  KC1.  2  mM  CaCl2,  1  mM  NaH2P04.  1  mM  MgCl2, 
11  mM  glucose,  and  12  mM  NaHC03.  An  artificial  peri¬ 
lymph  without  added  Ca2  +  (‘0  Ca2+  ’  artificial  perilymph) 
was  obtained  by  omitting  the  CaCl2  and  the  NaH2P04. 
This  solution  also  was  used  to  dissolve  and  deliver  the  5 
mM  BAPTA  and  the  2  and  4  mM  Mg2  +  .  Nimodipine 
(Research  Biochemicals  International)  and  Bay  K  8644 
(S(  — )-Bay  K  8644,  Research  Biochemicals  International) 
were  dissolved  in  dimethylsulfoxide  (DMSO,  Sigma)  and 
stored  in  the  dark  at  -20°C  for  no  more  than  1  week.  The 
nimodipine  in  DMSO.  Bay  K  8644  in  DMSO,  and  DMSO 
alone  were  mixed  with  artificial  perilymph  on  the  day  of 
use  at  desired  concentrations  (nimodipine:  0.1-10  fi M; 
Bay  K  8644:  0.1-10  fiM;  DMSO:  0.001-0.1%).  Other¬ 
wise.  all  perfusion  solutions  were  freshly  prepared  on  the 
day  of  use.  Perfusates  (pH  7.4)  were  introduced  at  room 
temperature  into  the  cochlear  perilymph  at  a  rate  of  2.5 
fi  1/min  for  10  min  (0  Ca2+;  0  Ca2-  with  2  or  4  mM 
Mg2^;  0  Ca2+  with  BAPTA)  or  15  min  (DMSO;  nimodip¬ 
ine  in  DMSO;  Bay  K  8644  in  DMSO)  through  a  hole  in 
basal  turn  scala  tympani  and  were  allowed  to  flow  from 
the  cochlea  through  an  effluent  hole  placed  in  basal  turn 
scala  vestibuli.  Effluent  was  absorbed  within  the  bulla 
using  small  cotton  wicks.  In  all  animals,  the  first  two 
perfusions  were  of  ‘normal’  artificial  perilymph  alone. 
These  perfusions  were  accomplished  to  achieve  a  stable 
baseline  to  which  effects  of  subsequent  alterations  in  the 
artificial  perilymph  and  drugs  could  be  compared.  They 
were  followed  by  perfusions  of  the  altered  artificial  peri¬ 
lymph  (‘0  Ca2*  ’  artificial  perilymph)  or  experimental 
drug.  Test  solutions  were  washed  from  the  cochlear  peri¬ 
lymph  with  ‘normal’  artificial  perilymph.  A  10-15  min 
period  without  stimulation  (during  perfusions)  separated 
each  period  of  primary  stimulation  from  the  next.  Follow¬ 
ing  each  period  of  perfusion,  we  monitored  f2-fj  amplitude 
to  60  dB  SPL  primaries,  presented  continuously  as  de¬ 
scribed.  Additionally,  growth  functions  for  this  distortion 
component  and  the  5  kHz  2f,-f2  DPOAE  response  to  the 
same  primary  frequencies  were  obtained  over  the  range 
20-70  dB  SPL  in  5  dB  steps.  Data  were  obtained  from 
five  animals  per  treatment. 

2.4 .  Endocochlear  potential  experiments 

In  separate  groups  of  animals  (n  —  5  each),  nimodipine, 
Bay  K  8644  and  the  solvent  DMSO  were  tested  for  their 
effects  on  the  endocochlear  potential  (EP).  Methods  used 
to  measure  this  potential  have  been  described  (Bobbin  et 
al.,  1990).  Briefly,  the  bone  over  the  basal  turn  scala  media 
was  shaved  and  a  small  hole  was  made  through  the  thinned 
bone.  A  glass  microelectrode,  filled  with  150  mM  KC1  and 
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connected  to  a  DC  amplifier  (Grass  PI 5),  was  passed 
through  the  hole  and  inserted  into  the  scala  media  to 
record  the  EP.  The  output  of  the  amplifier  was  connected 
to  a  digital  voltmeter  and  chart  recorder  to  obtain  hard 
copy  records  of  the  EP  values. 

All  perfusions  in  the  EP  study  were  15  min  in  duration. 
The  perfusion  pump  was  turned  on  and  the  pipette  was 
inserted  into  the  infusion  hole.  Approximately  10  s  later 
the  first  EP  value  was  recorded.  Additional  measurements 
of  the  EP  were  obtained  at  1  min  intervals  for  15  min  after 
which  the  pipette  was  removed  and  filled  with  the  next 
solution.  Approximately  4  min  elapsed  between  perfu¬ 
sions.  The  16  values  (0—15  min)  were  then  averaged 
across  animals  to  describe  drug  effects  on  the  EP  during 
the  course  of  the  perfusions. 

Effects  of  treatments  were  quantified  using  repeated- 
measures  analysis  of  variance  (ANOVA)  procedures  and 
Newman-Keuls  post-hoc  tests.  The  care  and  use  of  the 
animals  reported  on  in  this  study  were  approved  by  the 
university’s  Animal  Care  and  Use  Committee. 


3.  Results 

3.1.  Effects  of  continuous  primary *  stimulation  on  the  f2-f} 
DPOAE 

During  continuous,  equilevel  primary  stimulation  (60 
dB  SPL),  f2-f !  DPOAE  amplitude  displayed  the  time-vary¬ 
ing  changes  we  have  described  previously  (Kujawa  et  al„ 
1995;  see  also  Fig.  1).  These  amplitude  changes  include  an 
initial  increase  in  f 2-f  j  level  that  reached  a  maximum  1-2 


min  after  the  start  of  stimulation  (‘on-effect’;  A-B),  a 
‘slow-decline’  in  amplitude  that  followed  with  continued 
stimulation  (B-C),  the  additional  amplitude  depression 
observed  immediately  following  a  short  (1  min)  rest  from 
stimulation  (‘off-effect’ ;  C-D)  and  the  rapid  recovery  to  a 
second  maximum,  again  roughly  2  min  following  the 
return  to  continuous  primary  stimulation  (second  ‘on-ef¬ 
fect’;  D-E).  Such  amplitude  changes  were  observed  during 
baseline  response  characterizations  in  all  animals  tested. 

32.  Actions  of  low  Ca2+,  high  Mg~^  and  BAPTA  on 
DPOAEs 

Perfusion  of  the  cochlea  with  an  artificial  perilymph 
solution  without  added  Ca2  +  (0  Ca~+)  had  little  effect  on 
the  component  f2-f,  amplitude  alterations  to  continuous 
primary  stimulation  (Fig.  2A).  The  most  obvious  effect 
was  a  small  (~  2  dB)  reduction  in  the  overall  amplitude  of 
the  f2-f !  DPOAE  response  to  60  dB  SPL  primaries.  When 
compared  to  values  corresponding  to  points  A,  C  and  D 
(see  Fig.  1  for  reference)  obtained  following  the  second 
control  perfusion  (AP2),  this  overall  amplitude  reduction 
was  not  significant  (P>0.05).  Subsequent  perfusions  of 
solutions  containing  no  added  Ca2+  with  added  Mg-'"'  (2 
and  4  mM)  resulted  in  larger  amplitude  reductions  (Fig. 
2B),  with  effects  reaching  significance  (P  <  0.01)  for  the  4 
mM  Mg2+  treatment.  The  magnitudes  of  the  perstimula- 
tory  slow  decline  and  ‘off-effect’  were  significantly  en¬ 
hanced  (P  <  0.01)  by  both  2  and  4  mM  Mg2’,  with  the  4 
mM  Mg2"  solution  actually  reversing  the  direction  of  the 
‘off-effect’.  In  addition,  the  ‘on-effect’  maximum  (point 
B)  was  shifted  to  progressively  earlier  points  in  time 


Time  (min) 


n-5 


Fig.  2.  Effect  of  altering  perilymph  Ca2*  or  Mg2*  on  perstimulatory  changes  in  f2-ft  amplitude.  Response  amplitude  (means:  n  5)  recorded^ following 
successive  perfusions  in  the  same  animals  of:  normal  artificial  perilymph  (AP2),  artificial  perilymph  with  no  added  Ca'*  (0  Ca-  ),  0  Ca  artificial 
perilymph  with  2  mM  Mg2*  (2  mM  Mg2*)  or  with  4  mM  Mg2*  (4  mM  Mg2*  ),  a  wash  perfusion  with  normal  artificial  perilymph  (wash  2).  0  Ca*~ 
artificial  perilymph  with  5  mM  BAPTA  (5  mM  BAPTA)  and  a  final  wash  with  normal  artificial  perilymph  (wash  2b).  Only  every  5th  data  point  is  plotted 
for  clearer  identification  of  symbol  type.  Pooled  standard  errors  were:  AP2  =  1.20;  0  Ca2*  =  0.75;  2  mM  Mg'*  =  1.19;  4  mM  Mg*  =2.55;  wash 
2  -  0.72;  5  mM  BAPTA  =  1.62  and  wash  2b  =  1.42  dB.  See  legend  to  Fig.  1  for  additional  information. 
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following  perfusions  of  the  0  Ca2*  and  the  0  Ca2*  with  2 
and  4  mM  Mg2*  solutions.  All  actions  were  readily 
reversed  by  perfusions  with  the  . ‘normal'  artifical  peri¬ 
lymph  (wash  2,  Fig.  2B).  The  Ca2*  chelating  agent. 
BAPTA  (5  mM;  in  0  Ca2*  artificial  perilymph)  was 
perfused  next,  and  appeared  to  reverse  the  directions  of  all 
components  of  the  perstimulatory  f2-fj  DPOAE  amplitude 
changes  (Fig.  20.  These  actions  of  BAPTA  on  the  com¬ 
ponent  amplitude  alterations  were  reversed  following  wash 
perfusions  with  normal  artificial  perilymph  (wash  2b)  al¬ 
though  overall  distortion  product  amplitude  did  not  return 
completely  to  pre-drug  levels. 

Drug-related  changes  in  f2-f{  growth  functions  paral¬ 
leled  the  effects  observed  for  this  distortion  component 
during  continuous  primary  stimulation  (monitored  in  three 
of  the  five  animals  tested).  Perfusion  with  artificial  peri¬ 
lymph  solutions  without  added  Ca2+  (0  Ca2".  0  Ca~+  with 
Mg2*)  had  little  effect  on  low-level  portions  of  the  f2-fj 
growth  function  (2  ±  4  dB  at  40  dB  SPL)  and  reduced 
f2-fj  amplitude  at  primary  levels  greater  than  50  dB 
SPL  (e.g..  at  65  dB  SPL,  reductions  of  3  ±  1  dB,  7  ±  2  dB 
and  9  ±  2  dB  were  obtained  for  0  Ca2*,  2  mM  Mg2*  and 
4  mM  Mg:~  treatments,  respectively).  The  2frf2  DPOAE 
also  was  monitored  as  a  function  of  increasing  stimulus 
level  following  drug  perfusions.  This  distortion  product 


was  essentially  unchanged  by  these  perilymph  manipula¬ 
tions  (shifts  averaged  2  dB  or  less  at  all  stimulus  levels). 
BAPTA  in  0  Ca2*  artificial  perilymph  had  large  effects  on 
both  distortion  components.  Growth  functions  were  shifted 
to  the  right,  with  greater  effects  seen  at  lower  stimulus 
levels  than  at  higher  levels  (e.g.,  the  2f,-f2  DPOAE  re¬ 
sponse  to  40  dB  SPL  primaries  was  reduced  by  8  +  1  dB 
and  the  response  to  65  dB  SPL  primaries  was  reduced  by 
4  ±  1  dB). 

3.3.  Actions  of  DM  SO,  nimodipine  and  Bay  K  8644  on 
DPOAEs 

Perfusion  of  the  solvent  (DMSO)  alone,  in  the  same 
increasing  concentrations  employed  in  the  nimodipine  and 
Bay  K  8644  solutions,  had  little  effect  on  the  time-varying 
alterations  in  f2-f,  amplitude  (Fig.  3).  The  post-DMSO 
decrease  in  the  starting  value  of  f-j-fj  DPOAE  amplitude 
(point  A)  was  not  significant  (P  >  0.05;  Figs.  3  and  4),  nor 
was  the  increase  in  the  magnitude  of  the  ‘slow  decline' 
(B-C).  At  higher  concentrations,  the  ‘off-effect’  was  pro¬ 
gressively  reduced;  however,  this  reduction  reached  signif¬ 
icance  (P  <  0.05)  only  at  the  highest  DMSO  concentration 
employed  (0.1%). 

In  contrast  to  the  small  effects  of  the  solvent  alone,  the 
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Fig.  3.  Effect  of  increasing  concentrations  of  DMSO.  nimodipine  in  DMSO  and  Bay  K  8644  in  DMSO  (n  —  5  animals  each)  on  the  fyf  DPOAE  response 
to  continuous  primaries  at  60  dB  SPL.  Mean  response  amplitude  for  every  data  point  is  shown.  Pooled  errors  are  shown  in  the  upper  right  hand  comer  of 
each  frame.  The  dashed  line  is  drawn  at  15  dB  for  visual  reference.  See  legend  to  Fig.  1  for  additional  information. 
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drugs  had  large  effects.  The  actions  of  nimodipine  were 
very  complex  (Figs.  3  and  4).  The  starting  amplitude  of  the 
f ,-f ,  DPOAE  (A)  was  decreased  by  0. 1  - 1 .0  jllM  nimodip¬ 
ine.  At  higher  concentrations  (3  and  10  /xM).  this  value 
began  to  return  towards  pre-drug  levels.  The  ’on-effect* 
(A-B)  was  increased  by  the  same  lowr  concentrations  of 
nimodipine  (0.1-1  /iM).  whereas  higher  concentrations 
(3-10  fiM)  appeared  to  reverse  the  ‘on-effect*.  It  is 
possible  that  this  reversal  may  have  resulted  from  the 
slowly  developing  reversal  of  the  ‘slow  decline  (B-C) 
which  is  First  seen  following  perfusion  of  0.1  jiM  ni¬ 
modipine  as  an  increase  in  f,-f ,  magnitude  approximately 
6  min  into  the  recording.  With  increasing  drug  concentra¬ 
tions.  this  amplitude  recovery  (or  reversal  of  the  slow 
decline)  moves  earlier  in  time:  0.1  /xM  —  6  min:  0.3 
=  4  min:  1.0  jU,M  =  3  min:  3.0  =  2  min  and  at  10 

it  may  even  begin  at  zero  min.  The  ‘off-effect*  and 
the  ‘second  on-effect*  reversed  at  the  lowest  concentration 
of  nimodipine  tested  (0.1  /xM)  and  remained  reversed  over 
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Fi".  4.  Effect  of  increasing  concentrations  of  DMSO.  nimodipine  in 
DMSO  and  Bay  K  8644  in  DMSO  on  the  first  t'.-f,  DPOAE  amplitude 
value  recorded  (point  A)  following  each  perfusion.  Points  that  are  signifi¬ 
cantly  different  from  their  respective  AP2  or  DMSO  alone  concentrations 
are  designated:  P  <0.05:  P  <  0.01.  Data  are  represented  as  means 

±SE  (/i  =  5  animals  per  drug  treatment). 


the  course  of  the  subsequent  perfusions  with  increasing 
drug  concentrations. 

Compared  to  nimodipine.  Bay  K  8644  appeared  to  be 
very  straightforward  in  its  actions  on  the  f;-f,  DPOAE 
(Figs.  3  and  4).  Bay  K  8644  increased,  in  a  dose-related 
fashion,  the  absolute  amplitude  of  this  distortion  compo¬ 
nent  measured  at  point  A.  This  increase  reached  signifi¬ 
cance  (P<  0.05)  for  drug  concentrations  at  1-10  /lxM 
(Fig.  4).  Bay  K  8644  did  not  substantially  alter  the  "on-ef¬ 
fects'  (A-B:  D-E)  or  the  "off-effect'  (C-D).  On  the  other 
hand,  it  did  decrease  the  slope  of  the  "slow-decline  (B-C). 
Interestingly,  the  overall  shapes  of  the  response  alterations 
after  3  and  10  /xM  nimodipine  appear  to  be  the  reverse  ol 
the  overall  shapes  observed  after  3  and  10  /xM  Bay  K 
8644  (Fig.  3). 

Drug-related  changes  in  f;-f,  growth  functions  again 
paralleled  effects  observed  during  continuous  priman 
stimulation  (Figs.  5  and  6).  DMSO  had  very  little  effect  or 
the  growth  function,  with  the  exception  that  it  appeared  tc 
diminish  the  "knee'  in  the  function  which  occurred  a" 
approximately  60  dB  SPL  (Fig.  5).  Nimodipine  had  com¬ 
plex  effects  in  that  low  concentrations  (0.1 -0.3  /xM)  hac 
little  impact,  a  slightly  higher  concentration  (1  /xM)  en¬ 
hanced  the  function  and  higher  concentrations  (3-10  /xM 
reduced  the  low-to-moderate-level  portions  while  continu 
ing  to  enhance  the  higher-level  portions  of  the  growtf 
functions.  Bay  K  8644  enhanced  the  growth  function  at  al 
primary  levels  —  especially  for  drug  concentrations  of  3 
and  10  /nM  (Figs.  5  and  6).  By  comparison,  neithe: 
DMSO  nor  Bay  K  8644  altered  2f,-f:  growth  function: 
whereas  nimodipine  reduced  them,  especially  at  low  level 
of  stimulation  (Figs.  5  and  6). 

3.4.  Actions  on  the  enclocochlear  potential 


The  First  perfusion  of  artificial  perilymph  increased  th 
EP  slightly.  The  second  perfusion  of  the  artificial  peri 
lymph  "(API)  did  not  alter  the  EP  further.  Thus,  as  with  thi 
DPOAEs.  the  AP2  value  is  considered  the  control  for  eacl 
series  of  perfusions.  DMSO  perfusions  served  as  control 
for  the  concentration  of  DMSO  in  the  drug  solutions.  Fo 
each  experiment,  the  last  ( 15  min)  value  ot  the  EP  recordec 
during  the  second  control  perfusion  (AP2)  was  subtracter 
from  the  corresponding  EP  value  recorded  during  perfu 
sion  of  each  concentration  of  drug.  Dose-response  curve 
of  drug  effects  on  the  EP  (means  ±  SE)  were  constructe> 
from  the  resulting  difference  values  and  are  displayed  ii 
Fig.  7. 

Perfusions  of  increasing  concentrations  of  the  dru; 
solvent.  DMSO.  had  no  significant  effect  (P>0.05)  oi 
the  EP  when  compared  to  its  AP2  (Fig.  7).  The  experimen 
tal  drug  nimodipine  produced  a  reduction  ot  the  EP  thi. 
was  significantly  different  (P  <  0.05)  from  effects  associ 
ated  with  its  paired  or  equivalent  DMSO  concentration  a 
all  drug  concentrations  (0.1-10  /xM).  An  estimated  IC? 
value  for  nimodipine  of  0.42  jxM  was  obtained  using 
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Ficr  5.  Effect  of  perfusion  of  selected  concentrations  of  DMSO.  nimodipine  in  DMSO  and  Bay  K  8644  in  DMSO  on  growth  functions  for  f:-f,  and  2frt: 
DPOAEs.  Data  are  represented  as  means  (/?  -  4  animaN  per  drug  treatment:  see  Fig.  4Fig.  6  for  representative  SE  and  statistics).  The  dashed  line  in  each 
panel  represents  the  average  value  of  the  noise  floor. 


20  T 


10  + 


DMSO 


It 


CL 

00 

CD 

*o 

Q) 

~o 

=J 

"5. 

E 

< 

UJ 

< 

o 

CL 

O 


-10 


CN  «  &  « 

CL*-f“0«-',O  — 

<  O  O  O  C  .L 


30  T 


DMSO 


20  T 


-10 


Bay  K  8644 


iiijil 

CN  ^  S  2  2  2 

^  3  3  3  3  3 

-  -  K)  O 


o  o 


30  -r 


Nimodipine 


30  T 


20  --  20  --  20  - 

min  mil,  min 


Bay  K  8644 


CM 

a* 

& 

a* 

X 

CN 

2  2 

2 

2 

CN 

2 

2 

2 

2 

2 

CL 

rO 

K) 

CL 

3.  3 

3. 

CL 

3 

3 

3 

3 

3 

< 

o 

o 

d 

O 

o 

o 

o 

o 

O 

o 

o 

< 

n 

6  o 

- 

o 

< 

o 

tn 

o 

— 

fO 

O 

Fig.  6.  Effect  of  perfusion  of  DMSO.  nimodipine  in  DMSO  and  Bay  K  8644  in  DMSO  on  DPOAE  amplitude  to  55  dB  SPL  primaries.  The  values 
(means  ±  SE)  are  taken  from  those  shown  in  Fig.  5  and  subjected  to  statistical  analysis.  Values  significantly  different  from  corresponding  AP2  are 
designated:  '  P  <  0.05:  P  <  0.01  (n  =  5  animals  per  drug  treatment). 
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Fig.  7.  Dose-response  curves  of  the  effects  on  the  EP  of  DMSO, 
nimodipine  in  DMSO  and  Bay  K  8644  in  DMSO.  Solvent  (DMSO) 
concentrations  corresponding  to  X-axis  drug  concentrations  were  as 
follows:  0.1  /xM  =  0.001%;  0.3  /iM  =  0.003%:  1.0  ^M  =  0.01%;  3.0 
jiM  =  0.03%;  10  piM  =  0.1%.  For  each  experiment,  the  last  (15  min)  EP 
value  obtained  during  perfusion  of  the  second  control  perfusion  (AP2) 
was  subtracted  from  the  last  (15  min)  EP  value  obtained  during  perfusion 
of  each  of  the  drug  concentrations.  The  means  ±SE  of  each  of  the  values 
calculated  in  this  manner  are  shown  (n  —  5  animals  per  drug  treatment). 
Points  significantly  different  from  their  respective  DMSO-alone  controls 
are  designated:  "  P  <  0.05;  *  *  P  <  0.01.  Average  drift  in  the  EP  records 
for  each  treatment  was:  DMSO  =  +3.4  mV;  nimodipine  =■  4-0.6  mV; 
Bay  K  8644  =  +2.2  mV. 


curve-fitting  program  (Origin'.  4.0).  Bay  K  8644  induced 
a  small  increase  in  EP  that  was  significantly  different  only 
at  10  pM  from  its  paired  or  equivalent  DMSO  concentra¬ 
tion  (P  <  0.05:  Fig.  7). 


4.  Discussion 

4.1.  General  alterations  in  DPOAEs  by  the  treatments 

The  present  work  demonstrates  that  perstimulatory 
changes  in  the  amplitude  of  the  f2-ft  DPOAE  are  altered 
by  perilymph  calcium  manipulations.  Manipulations  that 
lowered  available  Ca*  (0  Ca*  ;  0  Ca*  with  BAPTA)  or 
that  blocked  the  entry  of  Ca~*  into  the  cell  through  L-type 
Ca2+  channels  (nimodipine)  were  associated  with  qualita¬ 
tively  similar  alterations  to  the  f2-f[  DPOAE.  Specifically, 
overall  amplitude  of  the  f2-fj  DPOAE  was  reduced,  as 
were  the  time-varying  amplitude  alterations  during  contin¬ 
uous  stimulation.  For  the  more  potent  manipulations 
(BAPTA;  nimodipine).  these  amplitude  changes  ultimately 
reversed  direction.  Following  perfusion  of  an  L-type  Ca 
channel  agonist  (Bay  K  8644)  overall  response  amplitude 
was  increased  and  the  slope  of  the  subsequent  perstimula¬ 
tory  decline  was  reduced.  Replacement  of  Ca2+  with 
Mg24*  did  not  reverse  the  effects,  suggesting  that  these 
consequences  of  perilymph  Ca*  manipulation  are  not 


merely  divalent  cation  effects.  Growth  functions  for  the 
f,.f  DPOAE  were  altered  more  substantially  than  were 
growth  functions  for  the  distortion  component  at  the  fre¬ 
quency  2frf,.  Thus,  in  contrast  to  previous  suggestions 
that  the  f,-f,~  DPOAE  is  relatively  insensitive  to  cochlear 
insult  (see  Brown,  1993  for  review),  we  found  it  to  be 
more  vulnerable  to  the  perilymph  Ca*  manipulations 
introduced  in  these  experiments. 

4.2.  Sites  and  mechanisms  underlying  response  to  treat¬ 
ments 


The  cochlear  mechanical  response  to  low-level  sound  is 
thought  to  reflect  the  contribution  of  active  and  physio¬ 
logically  vulnerable  motions  of  the  OHCs  (Robles  et  al.. 
1991;  Mammano  and  Ashmore,  1993).  DPOAEs  are  a 
reflection  of  non-linearities  in  that  mechanical  response 
(Robles  et  al.,  1991)  and  may  be  the  direct  result  of 
non-linearities  in  OHC  length  changes  (Hu  et  al.,  1994)  or 
OHC  channel  gating  mechanisms  (Jaramillo  et  al..  1993). 
Thus,  it  seems  reasonable  to  speculate  that  the  alterations 
in  f-rfj  amplitude  observed  during  continuous  primary 
stimulation  are  reflections  of  local,  adaptive  processes 
involving  the  OHC  response  to  sustained  stimulation  and 
the  effects  observed  subsequent  to  perilymph  Ca*  manip¬ 
ulations  are  related  to  alterations  in  these  processes.  There 
are  several  ways  (either  individually  or  in  combination) 
that  this  could  occur:  (1)  through  alteration  of  a  Ca  -de¬ 
pendent  motility  of  the  OHCs,  (2)  through  an  alteration  to 
the  Ca2~-dependent  adaptation  of  the  OHC  transduction 
current  and  (3)  through  an  action  of  the  drugs  on  the  EP. 
secondarily  altering  OHC  response  characteristics. 


4.2.1.  Alterations  to  OHC  motility 

It  is  well  known  that  isolated  OHCs  are  capable  of 
responding  to  applied  AC  electrical  stimulations^with  fast 
lensth  changes  that  do  not  directly  require  Ca2*  or  ATP 
(e.g..  Ashmore,  1987).  The  tonic,  DC  length  changes  that 
can  be  observed  during  electrical  and  mechanical  stimula¬ 
tions  in  vitro,  however,  appear  to  be  much  more  vulnerable 
to  insult  (Evans  et  al.,  1991)  and  dependent  on  metabolic 
support  (Canlon  and  Brundin,  1991).  Parallels  between 
these  non-linearities  in  OHC  length  changes  and  other 
non-linearities  of  the  cochlear  response  (e.g..  summating 
potential,  SP;  DPOAE)  have  been  noted  (Canlon  and 
Brundin,  1991;  Evans  et  al.,  1991;  Brown.  1993).  In 
particular,  at  whatever  level  they  are  recorded,  the  non-lin¬ 
earities  appear  more  sensitive ‘to  a  variety  of  cochlear 
insults  including  pharmacologic  manipulations  and  acous¬ 
tic  overstimulations  (see  Evans  et  al.,  1991  for  discussion). 
Of  importance  here,  previous  work  from  this  laboratory 
(Bobbin  et  al.,  1991)  demonstrated  a  greater  effect  of 
perilymph  Ca2+  manipulations  on  the  SP  than  on  the  CM. 
In  those  experiments,  lowering  perilymph  Ca  reduced 
the  magnitude  of  the  SP  and  increasing  perilymph  Ca** 
augmented  the  SP.  In  addition,  the  L-type  Ca2"  channel 
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antagonist,  nimodipine,  reduced  the  magnitude  and  re¬ 
versed  the  polarity  of  the  SP  (Bobbin  et  al..  1990).  These 
are  precisely  the  same  effects  observed  on  the  non-linear¬ 
ity  of  the  cochlear  response  under  study  in  the  present 
experiments  —  the  f2-f,  DPOAE.  An  opposite  effect, 
that  of  an  increase  in  the  magnitude  of  the  f2-fj  DPOAE, 
was  observed  following  perilymph  perfusion  of  the  L-type 
Ca2"  channel  agonist.  Bay  K  8644.  It  is  possible  that  all  of 
these  effects  are  secondary  to  Ca2+-dependent  changes  in 
the  non-linear  motile  response  of  OHCs  and  that  these 
effects  are  mediated  through  an  action  at  L-type  Ca-  + 
channels. 

An  L-type  Ca2+  channel  has  been  described  electro- 
physiologically  and  pharmacologically  on  OHCs  of  chick 
(Fuchs  et  al..  1990)  and  guinea  pig  (Nakagawa  et  al.,  1991, 
1992;  Chen  et  al.,  1995).  These  voltage-dependent  Ca2+ 
channels  are  involved  in  a  variety  of  cellular  functions, 
including  activation  of  contractile  machinery  in  muscle 
cells  and  exocytotic  secretion  from  endocrine  cells  and 
some  neurons  (see  Kass,  1994  for  review).  L-type  Ca2~ 
channels  probably  comprise  the  majority  of  the  voltage¬ 
gated  Ca2~  channels  of  guinea  pig  OHCs  (Nakagawa  et 
al.,  1991;  Chen  et  al.,  1995). 

It  is  generally  assumed  that  the  electromotile  response 
of  in  vitro  OHCs  is  driven  by  changes  in  membrane 
potential  (e.g..  Santos-Sacchi  and  Dilger.  1988).  In  vivo, 
under  normal  conditions  of  stimulation,  it  is  likely  that  the 
OHC  mechanomotile  response  to  stereocilia  deflection  also 
will  result  from,  or  at  least  be  strongly  influenced  by, 
changes  in  membrane  potential  (see  Kolston.  1995).  One 
difficulty  with  the  hypothesis  that  L-type  Ca2~  channels, 
in  particular,  are  responsible  for  effects  seen  on  the  per- 
stimulatory  f2-f,  amplitude  alterations  is  the  level  of  depo¬ 
larization  required  to  activate  the  channels.  Chen  et  al. 
(1995)  reported  that,  in  guinea  pig  OHCs  studied  in  vitro, 
the  L-type  Ca2+  channel  opened  at  roughly  —30  mV. 
Because  the  normal  resting  membrane  potential  of  in  vivo 
OHCs  is  roughly  —70  mV  and  sound-evoked  depolariza¬ 
tion  of  in  vivo  OHCs  is  usually  reported  to  be  less  than  10 
mV  (e.g.,  Dallos  and  Cheatham,  1992),  it  is  possible  that 
the  threshold  of  activation  of  the  L-type  Ca2+  channels 
would  not  be  reached.  However,  Evans  et  al.  (1991)  note 
that,  at  least  in  vitro,  the  DC  component  of  the  motile 
response  is  sensitive  to  small  depolarizations  that  do  not 
necessarily  alter  the  AC  component.  It  is  also  possible  that 
the  activation  curve  reported  for  L-type  Ca2^  channels  in 
vitro  is  different  in  vivo. 

It  should  be  noted  that  nimodipine  and  Bay  K  8644  can 
exert  non-specific  effects  at  ion  channels  other  than  L-type 
Ca2+  channels.  Lin  et  al.  (1995)  recently  reported  that 
both  of  these  agents  can 'inhibit  a  late  K~  current  in 
isolated  OHCs  maintained  in  Ca2~-free  media  (0  Ca2  + 
with  EGTA  or  BAPTA  in  external  and  internal  solutions). 
In  those  studies,  however,  both  nimodipine  and  Bay  K 
8644  produced  the  same  effect  (inhibition)  which  is  not 
consistent  with  the  effects  of  these  drugs  on  the  responses 


monitored  in  our  experiments.  Moreover,  these  effects 
were  obtained  at  drug  concentrations  approaching  the  high¬ 
est  of  those  tested  in  the  present  experiments  (IC50s  were  6 
and  8  /iM  for  nimodipine  and  Bay  K  8644,  respectively). 

4.2.2.  Alterations  to  Ca2  + -dependent  adaptation  of  the 
OHC  transduction  current 

An  additional  mechanism  that  could  account  for  the 
results  obtained  is  an  alteration  in  processes  related  to 
adaptation  of  the  OHC  transducer  channels.  Transducer 
current  adaptation  during  sustained  stimulation  is  Ca2+-de- 
pendent  (e.g..  Eatock  et  al.,  1987).  If  the  perstimulatory 
decline  in  f2-fj  DPOAE  amplitude  is  related  to  these 
adaptive  processes,  reducing  available  Ca2+  should  reduce 
the  decline.  This,  along  with  an  actual  reversal  of  the 
decline,  was  the  observed  effect  of  perfusion  with  the 
Ca2+  chelator.  BAPTA  in  0  Ca2+  and  with  the  L-channel 
antagonist,  nimodipine. 

According  to  Crawford  et  al.  (1991),  transducer  current 
adaptation  may  be  altered  either  by  changes  in  the  en- 
dolymph  Ca2+  concentration  or  through  changes  in  intra¬ 
cellular  Ca2+  concentration.  With  regard  to  the  former, 
Tanaka  and  Salt  (1994)  reported  that  cochlear  function,  as 
reflected  in  the  EP,  SP  and  CAP,  was  highly  sensitive  to 
small  disturbances  in  Ca2+  concentration  in  endolymph. 
Ikeda  et  al.  (1987)  have  suggested  that,  under  normal 
conditions,  the  Ca2+  in  endolymph  is  actively  transported 
from  perilymph.  Thus,  under  conditions  of  reduced  peri¬ 
lymph  calcium,  the  concentration  of  Ca_+  at  the  stereocilia 
might  be  altered.  Evans  and  Dallos  (1993)  have  shown  that 
conditions  that  interfere  with  mechanotransduction  at  the 
level  of  the  stereocilia  also  interfere  with  the 
mechanomotile  response  of  OHCs.  Such  responses  of 
OHCs  in  a  microchamber  to  stereocilia  displacement  dis¬ 
appear  rapidly  following  exposure  of  the  apical  portions  of 
the  cells  (cuticular  plate  and  stereocilia)  to  an  extracellular 
solution  containing  no  added  Ca2+  with  20  mM  BAPTA. 
We  consider  it  unlikely,  however,  that  such  alterations  are 
responsible  for  the  effects  seen  in  the  present  experiments. 
Mechanotransduction  can  be  maintained  even  with  ex¬ 
tremely  low  endolymph  Ca2+  levels  (Crawford  et  al., 
1991)  and,  in  vivo,  there  are  a  number  of  potential  tissue 
pools  for  Ca2+  should  such  a  reduction  in  endolymph 
Ca2+  occur.  Moreover,  nimodipine  and  Bay  K  8644  should 
not  affect  overall  Ca2+  levels  in  the  endolymph  or  in  other 
tissues,  as  the  ion  levels  are  controlled  by  transport  and 
diffusion.  Rather,  the  drugs  likely  act  on  proteins,  possibly 
L-type  Ca2+  channels. 

Adaptation  of  the  transduction  current  also  can  be  af¬ 
fected  at  an  intracellular  site  by  Ca2+  that  has  entered  the 
cell  through  a  transducer  or  other  membrane  channel  (pos¬ 
sibly  a  voltage-gated  Ca2+  channel  in  the  basolateral 
membrane;  Crawford  et  al.,  1991).  These  investigators 
have  speculated  that  during  prolonged  depolarizations, 
voltage-sensitive  Ca2+  channels  could  be  activated.  Should 
the  Ca2+  that  enters  via  those  channels  gain  access  to  the 
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transduction  channels,  adaptation  would  be  facilitated.  In 
this  case,  the  effect  on  transducer  current  adaptation  would 
not  require  an  alteration  in  endolymph  Ca'  . 

Finally,  adaptation  could  be  altered  by  processes  that 
change  the  operating  point  of  the  stereocilia  to  mechanical 
stimulation.  Zenner  and  Ernst  (1993)  have  suggested  that, 
by  altering  the  position  of  the  reticular  lamina.  DC  OHC 
length  changes  could  influence  the  operating  point  ot  the 
stereocilia.  This,  in  turn,  would  modify  their  sensitivity, 
possibly  altering  transduction  channel  gating  and  contribut¬ 
ing  to  such  processes  as  adaptation  during  sustained  stimu¬ 
lation  and  the  temporary  changes  in  sensitivity  that  are 
associated  with  overstimulation. 

4.2.3 .  Alteration  of  the  EP 

The  finding  of  drug  effects  on  the  EP  complicates  the 
interpretation  of  these  results.  Others  have  shown  that 
distortion  products  recorded  in  the  ear  canal  are  sensitive 
to  alterations  in  the  magnitude  of  the  EP  (e.g..  Mills  et  ah. 
1993).  This  sensitivity  is  related  to  the  fact  that  the  EP  is 
necessary  to  power  the  OHC  motile  response  (Dallos  and 
Evans,  1995).  In  association  with  manipulations  of  the  EP. 
Mills  et  al.  (1993)  observed  a  reduction  or  a  reversal  in  the 
magnitude  of  the  f -.-f l  DPOAE  similar  to  the  effects  we 
observed  subsequent  to  perilymph  Ca~  manipulations. 
These  investigators  report  that  the  magnitude  of  the  2frf2 
DPOAE  is  proportional  to  the  square  of  the  EP.  We  do  not 
know  whether  the  small  changes  in  EP  we  observed 
following  perfusion  of  Bay  K  8644  (  +  2.3  mV)  and  ni- 
modipine  (—12  mV)  are  sufficient  to  account  for  the 
substantial  changes  in  the  responses  we  monitored,  espe¬ 
cially  since  the  changes  induced  by  Bay  K  8644  are  of 
approximately  the  same  magnitude  as  the  drift  in  the 
recordings  (see  legend.  Fig.  7). 

In  most  reports,  merely  altering  perilymph  Ca2^  levels 
does  not  induce  changes  in  EP  (Konishi  and  Kelsey,  1970; 
Sato,  1989;  Bobbin  et  al..  1991).  As  noted  previously, 
there  are  large  potential  pools  tor  Ca-^  in  the  many  fluid 
compartments  of  the  cochlea,  including  blood  vessels  and 
cerebral  spinal  fluid  entering  via  the  cochlear  aqueduct. 
Given  this,  it  is  not  surprising  that  perfusion  of  low  levels 
of  Ca2*  through  the  perilymph  compartment  would  have 
little  impact  on  the  function  of  the  cochlea  or  on  EP 
magnitude.  Even  the  addition  ot  Ca~*  chelators  such  as 
EGTA  to  the  perfusate  seems  to  have  little  effect  on  the 
EP  (2  mM,  Bobbin  et  al..  1991;  4  mM.  Konishi  and 
Kelsey.  1970;  4  and  10  mM.  Sato,  1989).  Perfusion  of  the 
Ca2"  chelator,  BAPTA.  nevertheless,  had  substantial  ef¬ 
fects  on  the  continuous  stimulation-related  changes  in  tVfj 
amplitude  recorded  in  the  present  experiments. 

Nimodipine  and  Bay  K  8644  also  altered  the  perstimu- 
latory  amplitude  changes  in  the  fVf,  DPOAE  and  both  ot 
these  drugs  had  effects  on  the  EP.  Nimodipine  and  Bay  K 
8644  exert  potent  effects  on  L-type  Ca2"  channel  activity 
even  in  the  presence  ot  high  levels  ot  Ca-  (Chen  et  al.. 
1995).  Thus,  they  would  not  be  affected  by  the  large  pools 


of  Ca2*  in  the  tissue.  Nimodipine  significantly  reduced  the 
EP  at  the  lowest  concentration  tested  (0.1  /xM).  and  effects 
increased  with  increasing  drug  concentration.  At  the  high¬ 
est  concentration  tested  (10  /xM),  the  EP  was  reduced  by 
12  ±  1.2  mV.  This  value  is  in  good  agreement  with  the 
15  ±  3  mV  reduction  in  EP  associated  with  a  single  30  min 
perfusion  of  10  ^M  nimodipine  reported  previously  (Bob¬ 
bin  et  al.,  1991).  To  our  knowledge,  there  are  no  reports  of 
the  existence  of  L-type  Ca2"  channels  in  the  marginal 
cells  of  the  stria  vascularis,  the  structure  generating  the  EP 
(e.g..  Sunose  et  al.,  1994).  If  these  effects  on  the  EP  are 
due  to  drug  actions  at  L-type  Ca'"  channels,  their  loca¬ 
tions)  remain  to  be  determined.  It  is  possible  that  L-type 
Ca2*  channels  located  at  a  site  remote  from  the  stria 
affected  the  EP.  For  instance,  blockade  of  L-type  Ca' 
channels  in  the  OHCs  by  nimodipine  may  have  induced 
the  reduction  in  EP.  Conversely,  Bay  K  8644  may  have 
increased  the  EP  by  ‘activating’  an  L-type  Ca'  channel 
on  the  OHCs  (Chen  et  al..  1995). 


5.  Conclusions 

Evidence  that  the  amplitude  alterations  under  study  in 
the  present  experiments  are  not  neurally  mediated  in  gen¬ 
eral,  and  not  efferent  mediated  in  particular,  has  been 
reviewed  (Kujawa  et  al.,  1995).  Briefly,  these  alterations  in 
f,-f,  DPOAE  amplitude  were  not  prevented  by  the  intra- 
cochlear  application  of  TTX,  which  should  block  all  action 
potential-mediated  activity,  and  they  were  not  prevented 
by  antagonists  of  MOC  efferent  activity  or  by  midline 
section  of  ipsi laterally  responsive  MOC  neurons.  However, 
efferent  activity  certainly  can  alter  DPOAEs  (e.g..  Moun¬ 
tain.  1980;  Siegel  and  Kim,  1982;  Kujawa  et  al..  1993. 
1994b).  Of  importance  here,  activation  of  ipsilaterally 
responsive  MOC  neurons  by  the  primaries  themselves  has 
recently  been  reported  to  result  in  a  rapid  (time  constant  — 
100  ms)  alteration  in  the  amplitude  of  the  2tj-f:  DPOAE 
(Liberman  et  al..  1996).  Such  response  alterations  disap¬ 
peared  immediately  upon  section  of  the  crossed  olivo¬ 
cochlear  pathways  and  are  clearly  different  from  the  very 
slow  amplitude  changes  (time  constant  =  minutes)  de¬ 
scribed  in  the  present  report. 

In  summary,  previous  studies  from  this  laboratory 
(Bobbin  et  al.,  1990;  Bobbin  et  al..  1991)  demonstrated 
that  both  lowering  perilymph  Ca2"  levels  and  perilymph 
application  of  the  L-type  Ca2"  channel  antagonist,  ni¬ 
modipine,  decrease  the  magnitude,  and  even  reverse  the 
sian  of  the  DC  receptor  potential  known  as  the  SP.  Results 
presented  here  extend  this  observation  to  DPOAEs.  in 
particular  the  slow  amplitude  alterations  in  the  f 2“^ i 
DPOAE  that  are  associated  with  sustained  primary  stimu¬ 
lation.  We  have  speculated  previously  that  such  amplitude 
changes  reflect  local,  Ca“  "-dependent.  adaptive  processes 
occurring  at  the  level  of  the  OHCs.  The  present  results 
support  that  hypothesis  and  suggest,  further,  that  the  et- 
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ts  may  be  mediated,  at  least  in  part,  by  L-type  Ca2" 
innels.  Further  study  will  be  required  to  clarify  the 
^(s)  of  action  of  nimodipine  and  Bay  K  8644  in  the 
:hlea. 
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Figure  2-1.  Schematic  of  the  action  of  the  passive  and  active  mechanism  for 
cochlear  partition  mechanics.  IHC:  inner  hair  cell;  OHC:  outer  hair  cell;  LOC:  lateral 
olivocochlear  nerve  tract;  MOC:  medial  olivocochlear  nerve  tract;  EFSPs:  excitatory 
postsynaptic  potentials;  AP:  action  potential;  ATP:  adenosine  triphosphate;  ACh: 
acetylcholine;  CNS:  central  nervous  system.  (Adapted  from  Pujol,  1 990.) 


This  results  in  the  movement  of  inner  hair  cell  (IHC)  stereotiha  and  open¬ 
ing  of  transduction  channels  which  results  in  depolarization  (less  negative 
or  more  positive  voltage)  of  the  IHCs.  Depolarization  of  the  IHCs  releases 
the  neurotransmitter  (i.e.,  glutamate)  onto  the  auditory  nerve  endings 
which  produces  action  potentials  in  the  auditory  nerve  fibers.  The  active 
mechanism  is  utilized  during  low  levels  of  sound  exposure  (<40  dB  SPL) 
when  the  sound  energy  is  insufficient  to  move  the  cochlear  partition  direct¬ 
ly.  Instead,  in  some  unknown  fashion,  sound  at  this  low  level  induces 
movement  of  the  stereocilia’ on  the  OHCs.  The  movement  of  the  OHC 
stereocilia  opens  transduction  channels  and  depolarizes  the  OHCs  (i.e., 
mechanoelectrical  transduction).  Depolarization  of  the  OHCs  changes  the 
length  of  the  OHCs  (i.e.,  electromechanical  transduction).  This  length 
change  then  results  in  amplification  by  inducing  additional  movement  of 
the  OHC  stereocilia  and  greater  depolarization  and  even  greater  length 
change  of  the  OHC.  The  change  in  length  of  the  OHC  will  move  the 
cochlear  partition  and  the  greater  the  OHC  length  change,  the  greater  the 
cochlear  partition  motion.  When  the  movement  of  the  partition  is  sufficient 
to  induce  IHC  stereocilia  movement,  then  events  as  described  previously 
for  the  passive  mechanism  will  take  place,  producing  action  potentials  in 
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the  auditory  nerve.  The  amplification  of  the  cochlear  partition  movement 
by  the  active  mechanism  contributes  to  the  energy  being  transmitted  back 

out  through  the  ossicles  in  the  form  of  otoacoustic  emissions. 

The  OHCs  are  the  key  elements  in  the  active  process,  with  possibly 
some  role  for  other  cells  such  as  Deiters  cells  (Dulon,  1994,  Dulon,  Blanchet, 
&  Laffon,  1994;  Dulon,  Moataz,  &  Mollard,  1993;  Moataz,  Saito,  &  Dulon, 
1992)  Therefore,  the  OHC  is  a  good  anatomical  point  for  the  ear  to  control 
its  response  to  sound.  This  is  accomplished  through  several  chemicals  that 
act  on  the  OHCs  to  alter  their  ability  to  change  length  in  response  to  sound. 
As  the  motor  of  the  OHCs  is  voltage  controlled  (Santos-Sacchi  &  Dilger, 
1988),  the  degree  of  polarization  of  the  OHCs  determines  the  length  of  the 
OHCs:  the  more  positive  and  farther  away  from  its  resting  potential  (@  -60 
mV)  the  o-reater  the  shortening.  Some  chemicals  depolarize  the  OHCs  (i.e., 
membrane  potential  more  positive)  and  this  allows  the  OHC  to  shorten  to  a 
greater  degree  in  response  to  sound.  Others  hyperpolarize  the  OHCs  (i.e., 
membrane  potential  more  negative)  and  this  makes  the  OHC  shorten  less 
to  sound  Other  chemicals  that  affect  intracellular  chemical  messengers  are 
'called  second  messengers ‘(e.g.,  Ca2+).  Second  messengers  increase  or 
•decrease  the  length  change  in  response  to  sound  through  a  molecular 
mechanism  inside  the  cell.  The  most  studied  chemicals  are  those  released 
onto  the  OHCs  from  the  efferent  nerve  fibers. 


Efferent  Innervation 

Others  have  described  the  innervation  of  the  cochlea  by  the  olivocochlear 
efferent  nerve  fibers  (e.g.,  Wan:  &  Guinan,  1979).  As  shown  in  Figure  2-2, 
the  medial  portion  of  the  olivocochlear  efferents  (MOC)  synapse  with  the 


ORGAN  OF  CORTI 


Figure  2-2.  Innervation  of  the  organ  of  Corti  and  the  hair  cells  by  the  medial  por¬ 
tion  (MOC)  of  the  olivocochlear  nerve  bundle  (OCB)  which  originates  in  the  brain 
stem.  (Adapted  from  Liberman  and  T.  Kawase,  1992.) 
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OHCs.  Both  contralateral  and  ipsilateral  sound  activate  these  MOC  effer¬ 
ents  and  affect  the  activity  of  the  OHCs  by  means  of  released  chemical 
messengers.  Thus,  MOC  nerve  fibers  play  an  important  role  in  adjusting 
the  active  process.  There  are  thought  to  be  several  chemicals  involved  in 
the  mechanism  of  action  of  these  efferent  nerve  fibers  (see  review  by 
Eybalin,  1993).  Here  we  will  discuss  only  a  few  of  the  chemicals,  with 
emphasis  on  acetylcholine  (ACh). 


NEUROTRANSMITTERS 


Acetylcholine 
Antagonists — in  Vivo 

There  is  no  doubt  that  acetylcholine  (ACh)  functions  as  the  primary  neuro¬ 
transmitter  that  the  MOC  neurons  release  onto  the  OHCs.  This  evidence 
comes  from  the  pioneering  studies  by  Guth,  Norris,  and  others  (see 
reviews  by  Bledsoe,  Bobbin,  &  Puel,  1988;  Daigneault,  1981;  Eybalin,  1993; 
Guth,  Norris,  &  Bobbin,  1976).  ACh  is  a  neurotransmitter  at  many  loca¬ 
tions,  for  example,  the  heart,  neuromuscular  junction.  However,  it  appears 
that  the  receptor  protein  on  the  OHCs,  to  which  ACh  couples,  is  unique. 

The  uniqueness  of  the  pharmacology  of  this  ACh  receptor  protein 
was  suggested  in  the  earliest  studies  utilizing  electrical  stimulation  of  the 
MOC  fibers  in  the  brain  stem  and  applying  antagonists  of  various  recep¬ 
tors  intracochlearly  to  the  perilymph  compartment.  Desmedt  and  Mona¬ 
co  (1960)  were  the  first  to  demonstrate  that  strychnine  applied  to  the 
round  window  (i.e.,  into  perilymph)  blocked  the  electrically  induced 
action  of  these  efferents  (Figure  2-3).  They  suggested  that  the  receptor 
protein  was  similar  to  the  glycine  receptor,  since  at  that  time  strychnine 
was  thought  to  be  a  specific  blocker  of  neurotransmitter  glycine.  Howev¬ 
er,  Churchill,  Schuknecht,  and  Doran  (1956)  and  Schuknecht,  Churchill, 
and  Doran  (1959)  had  demonstrated  that  the  efferent  fibers  stained  for 
cholinesterase,  suggesting  that  the  efferent  transmitter  was  ACh.  Fex 
(1968)  then  demonstrated  that  curare,  an  antagonist  of  the  ACh  receptor 
at  the  neuromuscular  junction,  applied  to  the  perilymph,  blocked  the 
efferents.  This  was  some  of  the  first  evidence  presented  to  show  that  the 
receptor  protein  on  the  OHCs  was  similar  to  the  ACh  receptor  protein  at 
the  neuromuscular  junction  (Figure  2-4;  because  nicotine  activates  the 
ACh  receptor  at  the  neuromuscular  junction,  the  receptor  is  called  a  nico¬ 
tinic  receptor — abbreviated  Nm). 

Table  2-1  is  a  partial  summary  of  the  pharmacology  of  this  synapse 
obtained  utilizing  intracochlear  perilymph  application  of  the  drugs  and 
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A  va  n  t 


Apres  strychnine 


Fieure  2-3.  Oscilloscope  traces  showing  the  responses  of  the  acoustic  nerve  (round 
window)  stimulated  by  a  click  of  20  dB  above  threshold.  Four  successive  traces  are 
superimposed  on  each  graph  in  order  to  show  the  stability  of  the  response.  In  B  and 
E,  a  train  of  30  shocks  (30  microseconds,  6  volts)  at  300/sec  was  applied  to  the  bun¬ 
dle  of  Rasmussen  at  the  level  of  its  decussation  20  msec  before  the  tested  click.  The 
olivocochlear  inhibition  of  the  click  response  appears  clearly  when  you  compare 
the  traces  B  and  E  to  the  responses  of  a  single  click  (not  preceded  by  the  train) 
obtained  before  (A  and  D)  and  after  (C  and  F)  the  stimulation  of  the  bundle  of  Ras¬ 
mussen.  The  administration  of  strychnine  considerably  reduced  the  olivocochlear 
centrifugal  inhibition,  but  does  not  affect  the  response  to  the  single  click.  (From 
Desmedt  and  Monaco,  1 960,  with  permission.)  (Translated  by  author) 


electrical  stimulation  of  the  MOC  efferents  in  the  brain  stem  (from  Bobbin 
&  Konishi,  1971a,  1971b,  1974;  Fex  &  Adams,  1978;  &  Galley,  Klinke,  Oer- 
tel.  Pause,  &  Storch,  1973).  For  instance,  Konishi  and  I  found  that  the 
effects  of  the  efferents  could  be  blocked  by  atropine,  a  muscarinic  recep¬ 
tor  antagonist  (the  receptor  found  at  the  autonomic  innervation  of  glands 
and  smooth  muscle  and  called  a  muscarinic  type  of  receptor  as  it  is  acti- 
vated  by  the  drug  muscarine,  abbreviated  M).  Atropine  exhibited  less 
potency  than  either  strychnine  or  curare.  At  the  time,  this  unusual  block 
by  atropine  was  tempered  by  the  fact  that  the  quaternary  atropine  was 
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Figure  2-4.  Records  illustrating  the  action  of  d-tubocurarine  on  cen- 
trifugally  evoked  intracochlear  potentials.  Row  1  shows  the  initial  time- 
course  of  potentials  that  were  evoked  by  repetitive  electrical  stimula¬ 
tion  of  crossed  olivo-cochlear  fibres.  Row  2  shows  the  full  time-course 
of  the  potentials  of  Row  1 .  Ail  the  records  were  taken  with  the  micro¬ 
electrode  in  one  position  in  the  seal  a  media.  The  start  of  stimulation  is 
indicated  by  an  arrow  in  Row  1.  A.  Control,  artificial  perilymph  in  the 
scala  tympani.  B.  12.5  minutes  later  than  A.  Artificial  perilymph  con¬ 
taining  1 .0  u-mole  (0.7  x  1 0'5  g/ml)  d-tubocurarine  had,  5-8.5  minutes 
later  than  A,  partly  replaced  the  solution  without  d-tubocurarine.  Note 
that  after  the  application  of  d-tubocurarine,  the  time  of  rise  and  the 
latency  of  the  potentials  were  prolonged  and  the  amplitude  decrease  . 

Note  that  voltage  calibration  is  common  to  all  the  records,  while 
time  calibration  is  different  for  the  two  rows.  The  ink-writer  that  pro¬ 
duced  the  records  of  Row  2  had  a  rise  time  constant  of  0.15  seconds; 
d.c.  recordings  were  used  for  all  records.  Negativity  is  downward. 
(From  Fex,  1968,  with  permission.) 


more  potent  than  the  tertiary  atropine,  a  finding  in  harmony  with  a  nico¬ 
tinic  type  of  receptor.  In  addition,  we  found  decamethomum  more  potent 
than  hexamethonium,  suggesting  that  the  receptor  was  like  the  acetyl¬ 
choline  receptor  at  the  neuromuscular  junction  (nicotinic  receptor,  l  . 
and  less  like  the  acetylcholine  receptor  at  autonomic  ganglia  (nicotinic, 
Nn).  Others  reported  that  alpha-bungarotoxin,  an  antagonist  at  the  Nm 
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TABLE  2-1.  A  summary  listing  of  antagonists  of  the  effects  of 
electrical  stimulation  of  the  MOC  on  cochlear  potentials.  Also 
given  is  a  list  of  the  receptor  types  and  the  locations  where 
these  antagonists  are  most  selective. 


Receptor  type 

Location 

Antagonist  of  MOC 

Nicotinic  (Nm) 

skeletal  muscle 

curare,  a-BTX, 
quaternary  atropine, 
decamethonium 

Nicotinic  (Nn) 

autonomic 

ganglia 

hexamethonium 

Muscarinic  (M) 

smooth  muscles, 
glands 

atropine 

Clycinergic  (gly) 

central  nervous 
system 

strychnine 

receptor,  also  blocked  the  efferents  (Fex  &  Adams,  1978).  Overall  it 
appeared  that  the  receptor  protein  on  the  OHCs  was  similar  to  the  Nm 
receptor,  yet  it  was  different  because  it  was  blocked  by  so  many  drugs 
that  acted  at  other  receptors.  But  because  the  experimental  preparations 
were  so  complex,  one  was  not  sure  where  the  drugs  were  acting.  For 
instance,  the  action  of  strychnine  was  attributed  to  the  drug  blockmg  the 
release  of  ACh  and  not  due  to  blocking  the  receptor  (Fex,  1968  p.  183). 

An  additional  problem  with  studying  this  efferent/OHC  synapse 
usino-  electrical  stimulation  of  the  MOC  nerves  was  the  difficult  surgery 
and  the  instability  of  the  preparation  during  the  experiment.  Thie  discov¬ 
ery  by  Puel  and  Rebillard  (1990)  of  a  method  of  activating  the  efferents  by 
sound  to  the  contralateral  ear  yielded  a  technique  that  made  the  study  of 
the  pharmacology  much  easier.  They  monitored  the  effect  of  the  efferents 
on  the  distortion  product  emissions  (DPOAEs)  which  reflect  the  activity 
of  the  OHCs,  and  demonstrated  that  DPOAEs  were  suppressed  by  con¬ 
tralateral  sound  (Figure  2-5).  .  , 

Kuiawa,  Glattke,  Fallon,  and  Bobbin  (1993)  duplicated  the  Puel  and 
Rebillard  study  and  found  that  the  response  to  contralateral  noise  was 
blocked  by  intracochlearly  applied  strychnine,  curare,  and  atropine,  with 
atropine  being  the  least  potent  (Figure  2-6).  In  addition  the  FeP*” 
was  sufficiently  stable  so  that  Kujawa,  Glattke,  Fallon,  &  Bobbin  (  a 
could  venerate  cumulative  dose  response  curves  for  the  various  types  of 
pharmacological  agents  (Figure  2-7).  Utilizing  this  technique  Kujawa  et 
al.  (1994a)  demonstrated  that  the  ACh  receptor  on  the  OHCs  did  indeed 


e£rCft£  stcrcfi 


ATTE7  ScCTlGN 


OL 

(/» 

C3 

-o 

Ul 

a 


3 


a 


26 

24 

22 

20 

18 

16 


nwc  (a)  ^  W 

Figure  2-5.  Effect  of  a  midline  sagittal  section  of  the  brainstem  on 
2F1-F2  DPs  recorded  at  5  kHz.  The  left  panel  represents  the  2F1-F2 
DPs  reduction  induced  by  a  100  dB  SPL  contralateral  white  noise. 
The  ri°ht  panel  shows  that  after  a  complete  midline  sagittal  section 
of  the°brainstem,  the  suppressive  effect  of  the  contralateral  wmte 
noise  is  no  longer  active.  The  horizontal  bars  represent  the  time  dur¬ 
ing  which  the  contralateral  white  noise  was  presented.  (From  Puel 
and  Rebillard,  1990,  with  permission.) 


Figure  2-6.  Effect  of  intracochlear  strychnine  on  contralateral  suppression 
of  DPOAEs  in  one  representative  animal.  DPOAE  amplitudes  are  shown 
after  the  second  control  perfusion  (artificial  perilymph;  AP)  and  after  perfu¬ 
sions  of  10  ixM  strychnine  (STR)  which  were  followed  by  artificial  pen- 
lymph  (AP)  perfusions  that  washed  out  the  drug.  Each  perfusion  was  1 0 
minutes  in  duration;  post-perfusion  measures  are  separated  by  an  approxi¬ 
mately  25  minute  interval  during  which  time  the  perfusion  was  completed 
post-perfusion  measures  were  taken,  and  the  perfusion  pipette  was  prepared 
for  the  next  perfusion.  Each  "trial"  represents  a  50  spectra  average  and 
required  20  seconds  to  complete.  Each  set  of  post-perfusion  measures  thus 
required  a  total  of  approximately  300  seconds.  Graph  represents  a  total  tirhe 
of  approximately  2.5  hours.  (From  Kujawa  et  al.,  1993,  with  permission.) 
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,  A.  Nicotinic  Antagonists 


C.  Strychnine  and  Bicuculiine 


Antagonist  Concentration  (/zM) 

Figure  2-7.  Inhibition  curves  (means  ±  S.E.)  for  antagonist  block¬ 
ade  of  baseline  contralateral  suppression.  Curves  associated  with 
nicotinic  antagonists  are  displayed  in  panel  A,  those  associated 
with  the  muscarinic  antagonists  in  pane!  B  and  the  curves  associat¬ 
ed  with  the  nontraditional  cholinergic  antagonists  strychnine  and 
bicuculiine  are  shown  in  panel  C.  Magnitude  of  contralateral  sup¬ 
pression  following  the  second  control  perfusion  established  the 
baseline  response  for  each  animal.  Magnitude  of  suppression  as 
recorded  following  each  concentration  of  experimental  drug  was 
then  expressed  as  a  percentage  of  this  baseline  response.  Horizon¬ 
tal  line  in  each  pane!  designates  the  point  of  50%  blockade  of 
baseline  suppression  (1C50).  For  all  drugs  but  K-bungarotoxin,  each 
set  of  means  is  based  on  N  =  5  animals;  for  K-bungarotoxin,  N  -  2 
animals.  (From  Kujawa  et  al.,  1 994a,  with  permission.) 
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appear  to  have  an  unusual  pharmacology:  it  was  readily  blocked  by 
strychnine  and  by  ACh  antagonists.  The  drugs  active  at  the  neuromuscu¬ 
lar  junction  (nicotinic,  Nm,  e.g.,  curare)  were  more  potent  than  those 
active  at  autonomic  ganglia  (nicotinic;  Nn,  e.g.,  tnmethaphan)  or  at 
smooth  muscle  (muscarinic,  M,  e.g.,  atropine).  Kujawa  et  al.  added  anoth¬ 
er  unusual  property  of  the  receptor:  a  block  by  the  GABA  receptor  antag¬ 
onist  bicuculline.  Again  because  of  the  complexity  of  the  preparation, 
each  drug's  exact  site  of  action  remains  obscure,  but  the  unusual  pharma¬ 
cology  obtained  with  electrical  stimulation  was  confirmed  utilizing  nat¬ 
ural  stimulation  of  the  MOC  nerve  fibers. 


Antagonists — in  Vitro 

Housley  and  Ashmore  (1991)  were  the  first  to  demonstrate  that  the  ACh 
receptor  protein's  spectrum  of  pharmacology  to  ACh  antagonists  at  the 
level  of  the  isolated  OHC  was  similar  to  that  obtained  using  the  whole 
animal  (Figure  2-8;  potency  in  blocking  applied  ACH:  curare  >  strych¬ 
nine  >  atropine  >  pirenzepine).  Fuchs  and  Murrow  (1992b)  demonstrated 
a  similar  spectrum  of  pharmacological  activity  in  the  chick  hair  cells  (Fig¬ 
ure  2-9;  potency:  strychnine  >  timethaphan  >  curare  >  atropine).  Ka^eha- 


control  50} tM  pirenzepine 


50}  i  M  nirnpmu 


200 pA 
45 


Figure  2-8.  Localization  and  synaptic  properties  of  the  ACh  response,  (a)  Not  shown, 
(b)  Atropine  was  more  effective  than  pirenzipine  as  an  antagonist  when  included  at 
equimolar  concentrations  with  SO  jiM  ACh.  (c)  The  nicotinic  antagonist  d-tubocu- 
rarine  was  more  effective  than  atropine  when  both  were  applied  at  1 00  n.M  along  with 
50  jjuM  ACh;  5  s  pressure  pulse  monitored  below.  Holding  potential,  -50  mV  in  (a)  -60 
mV  in  (b,  c).  (From  Housley  and  Ashmore,  1991,  with  permission.) 
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Figure  2-9.  Antagonists  of  the  hair  cell  ACh  response,  (a)  Curare  (0.3  M-M)  blocked 
62%  of  the  ACh  (100  p.M)  response.  Membrane  potential  -44  mV.  (b  Atropine  (0  3 
ulM)  blocked  37%  of  the  ACh  response.  Membrane  potential  2t  m  . 
Trimethaphan  camsylate  (0.3  p-M)  blocked  77%  of  the  ACh  response.  Membrane 
potential  -54  mV.  (d)  Strychnine  (0.3  yM)  blocked  79%  of  the  response.  Membrane 
potential  -54  mV.  Application  of  ACh  indicated  by  the  lower  bar.  Pre-  and  post-con¬ 
trols  shown  in  each  panel.  All  antagonists  were  shown  to  be  completely  revers.ble  ,n 
these  or  other  cells.  (From  Fuchs  and  Murrow,  1992b,  with  permission.) 


ta,  Nakagawa,  Takasaka,  and  Akaike  (1993)  tested  muscarinic  antago¬ 
nists  and  found  the  following  order  of  potency  against  applied-  ACh. 
atropine  =  4-DAMP  >  AFDX  116  >  pirenzepme.  Erostegui,  Noms,  and 
Bobbin  (1994)  compared  many  of  the  drugs  in  the  same  preparation, 
extending  the  previous  findings  and  showing  that  bicuculhne blocks  the 
effect  of  applied  ACh  (Figure  2-10;  Table  2-2).  Overall  the  data  of 
Erostegui  et  al.  indicate  the  following  order  of  potency  of  antagonist 
against1 applied  ACh;  strychnine,  a  glycine  receptor  antagonist  >  curare,  a 
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Figure  2-10.  Effect  of  the  nontraditional  cholinergic  antagonists,  strychnine  (STR) 
and  bicuculline  (8IC)  on  the  response  to  ACh.  A:  strychnine  (0.1  jxM)  blocked  ACh. 
The  large  response  (4.7  nA)  to  ACh. (100  puVI)  is  suppressed  in  great  extent  by  strych¬ 
nine  at  1  |xM.  Bicuculline  (3.3  and  10  p.M)  blocked  ACh.  Numbers  near  the  drug 
abbreviations  are  drug  concentrations  in  jjlM.  Shown  are  data  obtained  as  voltage 
clamp  current  responses  at  zero  mV  utilizing  the  same  step  protocol  as  illustrated 
and  described  in  Figure  2-2.  See  Figure  2-2  for  further  description.  (From  Erostegui 
et  a!.,  1 994,  with  permission.) 


40 


CHEMICAL  RECEPTORS  ON  OUTER  HAIR  CELLS 


41 


TABLE  2-2.  Summary  of  effects  of  ACh  antagonists  on  the  ACh.  evoked  current 
response  in  isolated  OHCs. 


Concentration  (in  miliimolar): 


ACh  Antagonist 

0.1 

0.3 

1 

3.3 

10 

33 

100 

330 

1000 

Curare 

Trimethaphan  Camsylate 
a-bungarotoxin 

Atropine 

0% 

_ 

87% 

100% 

0% 

— 

40% 

100% 

100% 

0% 

"0% 

50% 

100% 

_ 

- 

0% 

45% 

100%] 

100% 

4- DAMP 

AFDX 

Pirenzepine 

__ 

!  - 

0% 

25% 

66%' 

100% ! 

l 

I 

_ 

1  - 

- 

0% 

44% 

100% 

1 

1  «- 

_ 

- 

- 

- 

50% 

1 00% 

1 100% 

Strychnine 

75% 

1  - 

100% 

1 

8  icuculline 

- 

75% 

90% 

1 00% 

Source:  Erostegui  et  al.  (1 994). 

Note-  Shown  are  the  concentrations  of  antagonist  (miliimolar)  tested  against  the  current 
induced  by  10  |iM  ACh  in  single  isolated  OHCs.  Percentage  indicates  the  number  or  cells  in 
which  the  induced  current  was  blocked  out  of  the  number  of  cells  tested  w.th  the  concentre- 
tion  of  antagonist. 


Nm  receptor  antagonist  >  bicuculline,  a  GABA  receptor  antagonist  > 
atropine,  a  M  receptor  antagonist.  Surprisingly,  the  pharmacological  data 
obtained  in  vivo  matched  fairly  closely  with  the  data  obtained  in  vitro. 
Because  these  studies  used  single  cells  and  studied  the  blockade  of 
applied  ACh,  the  drugs  were  all  acting  at  the  OHC  membrane,  probably 
at  the  ACh  receptor  protein.  However,  even  single  cell  experiments  are 
complex;  some  of  the  drugs  that  blocked  the  action  of  applied  ACh  may 
have  been  acting  at  ion  channels  or  other  sites  on  the  OHC  and  not  direct¬ 
ly  on  the  OHC  receptor  protein.  More  studies  will  have  to  be  done  to 
prove  the  site  of  action. 


A°onists-in  Vivo 

The  use  of  antagonists  characterizes  a  receptor  protein  to  a  certain  extent. 
On  the  other  hand,  agonists  can  give  more  information,  as  these  are  the 
chemicals  that  activate  the  receptor  protein  to  initiate  subsequent  cellular 
events.  For  instance,  when  ACh  was  combined  with  eserine  (which 
blocked  cholinesterase  from  degrading  the  ACh  molecule)  and  placed 
into  the  cochlear  fluids,  it  not  only  mimicked  the  effects  of  efferent  stimu- 
lation,  but  in  the  face  of  the  continuous  application  of  ACh  the  response 
declined  or  desensitized  while  concurrently  the  efferents  became  ineffec- 
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tive  (Bobbin  &  Konishi,  1971a,  1971b;  Figure  2-11  .  Kujawa,  Glatt.<e  Fal¬ 
lon,  and  Bobbin  (1992)  replicated  this  earlier  work  by  utilizing  DPOAEs 
and  again  demonstrated  desensitization.  These  studies  demons, rae 
that  ACh  could  act  at  this  synapse  in  a  manner  similar  to  activation  of  the 
MOC  efferent  fibers.  In  addition,  they  demonstrated  desensitization  o 
the  response  and  emphasized  the  activity  of  cholinesterase  m  destroying 
applied  acetylcholine.  More  importantly  for  this  discussion,  Komsm  and 
I  demonstrated  that  neither  nicotine,  a  powerful  agonist  at  the  nicotinic 
receptors,  nor  arecoline,  an  agonist  at  muscarinic  receptors,  had  much  of 
an  effect  (Bobbin  &  Konishi,  1971a,  1974).  Galley  et  al.  (1973)  described 


Time  (min) 


Figure  2-11.  Effect  of  perfusion  of  the  scala  tympani  on  the  cochlear r  ^rophonic 
(CM)  (600  Hz,  64  dB  SPL)  and  auditory  nerve  potential  (AP)  (6  kHz  81  dB  S  ) 
recorded  without  COCB  stimulation,  and  the  slow  potential  change  (COCP)  el.cite 
by  COCB  stimulation.  The  scala  tympani  was  perfused  with  artificial  perilymph  (  ) 
and  with  acetylcholine  chloride  (250  |xM)  together  with  eserme  sulphate  (10  jiM, 
B).  (From  Bobbin  and  Konishi,  1 971  b,  with  permission.) 
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the  low  potency  of  the  muscarinic  agonist,  muscarone.  Thus,  even  though 
the  data  with  antagonists  demonstrated  the  receptor  was  nicotinic  (i.e., 
Nn),  the  data  with  agonists  suggested  the  receptor  was  not  nicotinic  or 
muscarinic  as  the  agonists  had  no  effect. 


Agonists-in  Vitro 

Recently,  Kakehata  et  al.  (1993)  confirmed  the  in  vivo  data  utilizing  indi¬ 
vidual  isolated  OHCs.  They  demonstrated  very  little  or  no  activity  with 
nicotine,  muscarine,  McN-A-343,  oxotremorine,  and  oxotremorine-M 
(Figure  2-12).  They  found  that  the  most  potent  agonists  were  acetyl¬ 
choline  and  carbachol.  Erostegui  et  al.  (1994)  found  that  not  only  were 
nicotine  and  muscarine  ineffective,  but  so  was  cytisine  (Figure  2-13).  On 
the  other  hand,  Erostegui  et  al.  found  that  DMPP  and  suberyldicholine, 
additional  nicotinic  agonists,  were  active. 

Table  2-3  summarizes  the  unique  pharmacology  of  this  unusual 
receptor.  The  ACh  receptor  protein  appears  to  have  an  unusual  spectrum 
of  activity  in  response  to  the  various  antagonists;  the  antagonists  listed  in 
Table  2-1  all  block  the  ACh  receptor  on  OHCs  even  though  they  are  spe¬ 
cific  for  the  other  receptors  listed  (e.g.,  pirenzepine  vs  the  Ml  receptor). 
In  addition,  the  receptor  fails  to  be  activated  by  either  the  M  receptor  ago¬ 
nist,  muscarine,  or  the  Nn  and  Nm  receptor  agonist,  nicotine.  Cytisine,  an 
additional  nicotinic  receptor  agonist  also  failed  to  activate  the  receptor. 
On  the  other  hand,  it  was  activated  by  DMPP  and  suberyldicholine.  To 
the  best  of  our  knowledge,  no  receptor  to  date  has  been  described  with 
this  spectrum  of  pharmacological  activity  (e.g.,  Seguela,  Wadiche,  Dine- 
ley-Miller,  Dani,  &  Patrick,  1993),  although  recent  results  with  an  alpha  9 
receptor  subunit  come  very  close  (Elgoyhen,  Johnson,  Boulter,  Vetter,  & 
Heinemann,  1994).  So  it  appears  that  the  receptor  protein  on  the  OHCs 
may  be  unique  and  not  described  to  date. 

In  previous  publications,  I  argued  that  the  receptor  was  nicotinic,  but 
this  was  based  on  the  pharmacology  to  the  antagonists.  On  the  other 
hand,  it  is  difficult  to  name  it  nicotinic  when  nicotine  has  no  effect.  In  gen¬ 
eral,  receptors  are  named  after  the  drug  most  active  at  the  receptor,  for 
example,  nicotinic  or  muscarinic.  So  it  seems  then  that  the  ACh  receptor 
on  the  OHC  should  not  be  called  nicotinic  or  muscarinic.  As 
suberyldicholine  is  one  of  the  most  potent  agonists,  the  receptor  should  be 
called  a  suberyldicholinic  receptor,  or  "subdic"  for  short  (Bobbin,  1994). 

Receptors  have  been  grouped  into  families  based  on  their  molecular 
configuration.  For  instance,  at  present  ACh  receptors  are  classified  as 
belonging  either  to  the  nicotinic  family  or  the  muscarinic  family.  At  pre¬ 
sent  we  do  not  know  to  which  family  the  ACh  receptor  on  the  OHC 
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Figure  2-12.  lACh  in  dissociated  outer  hair  cells  (OHCs).  A  a,IACh  at 
various  concentrations  under  voltage-clamp  conditions  using  the  per¬ 
forated  patch-clamp  technique.  The  holding  potential  (VH)  was  -40 
mV.  Horizontal  bars  above  each  response  indicate  a  period  of  contin¬ 
uous  ACh  application.  The  current  was  recorded  from  a  40  jxm  OHC 
of  the  second  turn.  The  resting  membrane  potential  (VR)  and  the  input 
impedance  were  -60  mV  and  33  Mf>,  respectively.  The  amplitude  of 
the  current  injected  to  hold  the  membrane  potential  of  -40  mV  was 
600  pA.  A  b,  representative  current  induced  by  McN-A-343, 
oxotremorine  (OXO),  and  oxotremorine-M  (OXO-M).  The  50  pun  cell 
was  obtained  from  the  second  turn.  The  VR  and  the  input  impedance 
were  -62  mV  and  67  MH,  respectively.  The  amplitude  of  the  current 
injected  to  hold  the  membrane  potential  of  -40  mV  was  320  pA.  B, 
concentration-response  relationships  for  ACh,  carbamylcholine  (Cch), 
and  various  muscarinic  agonists.  Amplitudes  of  currents  induced  by 
each  drug  at  various  concentrations  were  normalized  to  the  current 
induced  by  3  x  10*5  M  ACh  (*).  Each  point  is  the  mean  ±  S.E.M.  of 
four  to  seven  cells.  (From  Kakehata  et  al.,  1 993,  with  permission.) 
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Figure  2-1 3.  Effect  of  the  ACh  receptor  agonists  compared  to  ACh  in 
two  cells;  frame  A,  cytisine  (CY)  and  nicotine  with  muscarine  (NIC  + 
MUS);  frame  B:  DMPP,  carbachol  (CAR)  and  suberyldicholine  (SU8). 
In  frame  A  between  records  (every  30  episodes)  an  apparent  recovery 
of  some  current  strength  occurred  as  in  Figure  2-8.  Note  the  mixture 
of  nicotine  with  muscarine  suppressed  the  current.  Numbers  near  the 
drug  abbreviation  are  drug  concentrations  in  p.M.  Shown  are  data 
obtained  as  voltage  clamp  current  responses  at  zero  mV  utilizing  the 
same  step  protocol  as  illustrated  and  described  in  Figure  2-2.  See 
Figure  2-2  for  further  description.  (From  Erostegui  et  al„  1994,  with 
permission.) 
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TABLE  2-3.  Summary  of  the  various  antagonists  of  ACh  at  the  OHC  and  a  list  of  the 
other  receptors  where  these  antagonists  are  thought  to  be  most  selective. 

Receptor  Type1 

Agonist 

Location 

ACh  Antagonist13 

suberyldicholine 

or 

subdic  (S) 

Ach,  • 

suberyl-dicholine 

OHCs 

strychnine 

nicotonic  (Nm) 

ACh,  nicotine 

skeletal  muscle 

curare,  a-BTX 

nicotinic  (Nn) 

ACh,  nicotine 

autonomic 

ganglia 

trimethaphan 

muscarinic  (M) 

ACh,  muscarine 

smooth  muscle 
glands 

atropine 

muscarinic  (Mt) 

ACh,  muscarine 

a 

pirenzepine 

muscarinic  (M2) 

ACh,  muscarine 

ii 

AF-DX  116 

muscarinic  (M3)  . 

ACh,  muscarine 

it 

4-DAMP 

glycinergic  (gly) 

glycine 

central  nervous 
system 

strychnine 

CABAergic  (GABA) 

GABA 

ii 

bicuculline 

aSuberyldicholine  is  the  name  proposed  for  the  ACh  receptor  type  on  the  OHCs. 

bAll  of  the  antagonists  listed  block  the  effects  of  ACh  at  the  OHC.  Only  strychnine  is  listed  at  the  OHC 
because  it  is  the  most  potent  antagonist  against  ACh. 


belongs.  It  is  unlikely  that  ACh  belongs  to  a  new  family,  even  though 
new  families  of  receptors  are  being  discovered  (e.g.,  ATP  family;  Valera 
et  ah,  1994).  However,  until  the  molecular  composition  of  the  subdic 
receptor  is  determined,  the  "family"  will  remain  unknown. 

Adenosine  triphosphate  (ATP) 

ATP  was  first  suggested  to  be  a  candidate  for  a  neurotransmitter  or  neu¬ 
romodulator  in  the  cochlea  based  on  its  relative  potency  in  reducing  the 
compound  action  potential  of  the  auditory  nerve  (Bobbin  &  Thompson, 
1978).  Subsequent  studies  have  demonstrated  that  ATP  increases  intra¬ 
cellular  Ca2+  levels  in  inner  hair  cells  (Dulon,  Mollard,  &  Aran  1991)  and 
Deiters  cells  (Dulon  et  al.,  1993)  and  has  powerful  effects  on  the  mem¬ 
brane  potential  of  the  OHCs  (Ashmore  &  Ohmori,  1990;  Housley,  Green¬ 
wood,  &  Ashmore,  1992;  Kakehata  et  al.,  1993;  Kujawa,  Erostegui,  Fallon, 
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Crist,  &  Bobbin,  1994b;  Nakagawa,  Akaike,  Kimitsuki,  Komune,  & 
Arima,  1990).  ATP  activates  a  receptor  on  OHCs  that  induces  a  large 
inward  current  and  so  depolarizes  the  OHC. 

ATP  is  metabolized  very  rapidly  to  adenosine,  a  compound  with  lit¬ 
tle  activity  in  the  cochlea.  However,  chemists  have  made  a  few  ATP  ana¬ 
logues  that  are  not  as  rapidly  metabolized,  such  as  ATP-7-S.  Recently, 
Kujawa  et  al.  (1994b)  demonstrated  that  ATP-7-S  was  one  of  the  most 
potent  compounds  studied  when  instilled  into  the  perilymph:  ATP-7-S 
abolished  the  CAP  and  the  DPOAEs,  and  decreased  the  low  intensity 
sound-evoked  SP  while  it  increased  the  high  intensity  sound-evoked  SP 
(Figure  2-14).  In  addition,  Kujawa,  Fallon,  and  Bobbin  (1994c)  demon¬ 
strated  powerful  effects  of  ATP  antagonists  on  cochlear  potentials  sug¬ 
gesting  a  role  for  endogenously  released  ATP  in  normal  physiology. 

The  role  of  ATP  and  its  receptor  proteins  in  the  cochlea  is  unknown. 
It  may  have  both  a  paracrine  and  an  autocrine  role.  Some  suggest  ATP  is 
released  from  the  efferent  nerve  fibers  and  as  such  is  utilized  as  a  depo¬ 
larizing  agent  to  counter  the  hyperpolarizing  effects  of  ACh.  Others  sug¬ 
gest  it  may  be  acting  on  the  scala  media  side  of  the  OHC  (near  the  stere¬ 
ocilia)  to  regulate  the  polarization  of  the  OHC  (Housley  et  al.,  1992).  In 
addition,  ATP  may  have  a  role  in  programmed  cell  death  (Valera,  Hussy, 
Evans,  Adami,  North,  Surprenant,  &  Buell,  1994).  In  summary,  ATP  has 
powerful  effects  in  the  cochlea,  but  the  role  of  these  effects  in  the  physiol¬ 
ogy  of  the  cochlea  remains  to  be  determined. 


Other  chemicals 

GABA  appears  to  be  a  transmitter  at  a  small  number  of  efferent  nerve 
fibers  that  synapse  on  OHCs  (see  review  by  Eybalin,  1993).  GABA  may 
allow  ions  such  as  chloride  to  enter  the  cell  and  so  hyperpolarizes  the 
OHC  (Gitter  &  Zenner,  1992). 

Additional  chemicals  have  been  suggested  to  have  a  possible  role  at 
the  OHCs.  Glutamate,  which  is  the  transmitter  between  IHCs  and  the 
afferent  nerves,  and  probably  the  transmitter  between  the  OHCs  and 
their  afferent  nerves  (Bobbin,  1991)  when  applied  acutely  has  no  effect  on 
the  currents  recorded  from  the  OHCs  in  the  whole  cell  voltage  clamp 
configuration  (Chen  &  Bobbin,  1994).  However,  glutamate  may  have  a 
role  on  second  messenger  chemicals  inside  the  OHCs  that  we  cannot 
detect  by  measuring  acute  changes  in  cell  current.  Calcitonin-gene-relat- 
ed-peptide  (CGRP)  is  another  chemical  found  in  the  efferents  innervating 
the  OHCs  for  which  a  role  has  yet  to  be  determined  (Eybalin,  1993). 


20  40  60  30  100  20  40  60  SO  100 


Intensity  (dS  SPL)  Intensity  (dB  SPL) 


30  40  50  60  70 

Primary  Level  (dB  SPL) 


Figure  2-14.  Effect  of  ATP-7-S  on  CAP,  NT  latency,  SP,  CM,  and 
DPOAE  responses  as  a  function  of  stimulus  intensity.  Shown  are 
functions  recorded  after  pre-drug  artificial  perilymph  perfusion 
No.  2  (AP2)  and  after  perfusion  with  increasing  concentrations 
(3.3-100  jjuM)  of  ATP-7-S.  Data  are  represented  as  means  ±  S.E. 
across  5  animals.  (From  Kujawa  et  ai.,  1 994b,  with  permission.) 
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RECEPTOR  MECHANISMS 

The  action  of  these  chemicals  at  the  level  of  the  OHC  is  summarized  in 
Figure  2-15.  The  movement  of  the  stereocilia  opens  the  transduction 
channel  allowing  potassium  ions  into  the  cell  which  results  in  depolariza¬ 
tion  of  the  OHC  (see  review  by  Roberts,  Howard,  &  Hudspeth,  1988): 
This  activates  the  motor  protein  in  the  OHC  membrane  that  causes  the 


1. 

transduction 

channel 

2. 

motor 

3. 

GABA-receptor  &  ion 

i  channel 

1  complex 

4. 

ACh-receptor 

&  ion 

channel 

complex 

5. 

non-specific 

cation 

channel 

6. 

ATP-receptor 

&  ion 

channel 

complex 

7. 

KCa  Gnd  Kn 

channel 

1 

8. 

L-type  Ca2+ 

channel 

Figure  2-15.  Model  of  an  OHC  illustrating  the  various 
ion  channel  proteins  in  the  membrane  and  available  to 
alter  the  membrane  potential. 
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length  change  in  the  cell,  the  motor  being  sensitive  to  the  voltage  of  the 
cell  (depolarization  or  voltage  change  in  a  positive  direction  -  decrease  in 
length;  hyperpolarization  or  voltage  change  in  a  negative  direction  - 

increase  in  length).  .  ,  . 

In  Figure  2-15'  I  have  represented  three  types  of  ion  channels  that 

will  respond  to  voltage  changes  in  the  cell:  a  nonspecific  cation  channel, 
an  L-tvpe  Ca2*  channel,  and  at  least  two  types  of  Ca2*-activated  potassi¬ 
um  channels  which  are  represented  in  Figure  2-14  as  one  channel  (Hous- 
lev  &  Ashmore,  1992;  Nakagawa  et  al.,  1991).  These  ion  channels  are  volt- 
ai-activated  channels,  that  is,  they  will  open  in  response  to  voltage 
changes  and  allow  certain  ions  to  move  across  the  membrane  of  the  OHC. 
The  ion  flows  they  allow  will  in  turn  change  the  voltage  of  the  cell. 
GABA,  ACh,  and  ATP,  which  are  called  "ligands,"  act  on  receptor  pro¬ 
teins  that  regulate  or  open  other  ion  channels  and,  therefore,  these  chan¬ 
nels  are  called  "ligand-gated  channels:"  Ligand-gated  channels  are  usua  - 
ly  not  opened  by  voltage  changes.  Ligands  can  act  on  the  receptor  protein 
which  is  an  actual  part  of  the  ion  channel  or  they  can  act  on  receptor  pro¬ 
teins  that  interact  with  G  proteins,  which  in  turn  can  act  on  ion  channels 
and  other  enzymes  in  the  cell.  In  the  latter  case  the  mechanism  of  receptor 
action  is  called  metabotropic  and  in  the  former  case  it  is  called  ionotropic. 

Whether  the  subdic  receptor  protein  is  metabotropic  or  ionotropic  is 
currently  being  debated.  As  mentioned  previously,  Housley  and  Ash¬ 
more  were  the  first  to  demonstrate  that,  m  mammalian  cochlear  OJrL  , 
ACh  induces  an  opening  of  a  channel  (KACh)  that  allows 3  K*  ions  to  move 
across  the  membrane  of  the  OHC,  down  its  electrical  and  chemical  gradi- 
£ A, membrane  potential  positive  to  -70  mV,  K*  will  move  ouj  of  the 
OHC  and  result  in  a  hyperpolarization  of  the  cell.  Experimentally, 
openin'3  of  the  KACh  channel  induced  by  ACh  requires  the  presence 
both  extracellularand  intracellular  free  Ca2*.  Therefore  most  researchers 
feel  that  the  opening  of  the  KACh  channel  by  ACh  involves  an  mtenn 
ate  step  which  increases  the  level  of  free  Ca-*  inside  .the  adjacen 
the  K,rs  channel.  This  intermediate  step  may  consist  of  ACh  directly 
openin'3’  an  ion  channel  linked  to  the  receptor  that  allows  Ca  to  enter 
the  cell  as  illustrated  in  the  Figure  2-15  (Fuchs  &  Murrow,  1992a).  In  con¬ 
trast  Kakehata  et  al.  (1993)  suggest  that  ACh  stimulates  phosphatidyli- 
nositol  metabolism  via  a  PTX-sensitive  G-protein.  The  phosphabdyhnos- 
itol  then  releases  Ca2*  from  intracellular  stores  to  act  on  the s  KACh 
channel.  Such  a  mechanism  is  illustrated  in  Figure  2-16.  So  the  major 
immediate  question  that  needs  to  be  answered  is  what  is  mechanism 
of  the  subdic  receptor:  Does  the  receptor  act  by  opening  a  Ca  ^e<z 
cation  channel  (ionotropic)  or  does  it  activate  a  G  protein  (”netab°^°PJ  ' / 
In  the  OHCs,  ATP  appears  to  open  a  cation  selective  channel  to  alio  v 
sodium  and  Ca2*  into  the  cell  (depolarization)  as  shown  m  Figure  -  o- 
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Others  suggest  that  ATP  may  also  activate  the  G-protein  coupled  to  the 
phosphoinositol  cascade  in  a  manner  similar  to  ACh,  as  shown  in  Figure 
2-16  (Niedzieiski  &  Schacht,  1992). 

GABA  appears  to  open  an  ion  channel  permeable  to  the  chloride  ion. 
This  would  hyperpolarize  the  cell  similar  to  the  effects  of  acetylcholine. 


Figure  2-16.  An  alternative  model  (metabotropic)  of  the  ACh 
receptor\ion  channel  complex  illustrating  a  possible  role  for 
G  protein  and  ionositol  triphosphate  (IP3)  in  providing  the 
intracellular  Ca3*  for  opening  the  K*  channel.  C:  g  protein; 
PLC:  phospholipase  C;  PIPp  phosphoinositol  bisphosphate; 
DAG:  diacylglycerol;  PKC:  phosphokinase  C;  CICR:  calcium- 
induced  calcium  release;  ER:  endoplasmic  reticulum. 
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In  summary,  these  voltage-sensitive  and  ligand-activated  channels 
in  concert  or  alone  can  modify  the  voltage  of  the  cell  and  the  cells  length 
and  length-change  response  to  sound.  In  this  manner,  the  active  process 
is  regulated  and  modulated.  When  and  how  all  these  channels  are 
orchestrated  to  yield  a  functional  active  process  awaits  additional 
research. 
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GLOSSARY 

Autocrine.  A  chemical  substance,  also  known  as  messenger,  that  is  released  from 
cells  and  reaches  targets  (receptors)  located  on  the  same  cell  by  diffusion,  for 
example,  autoneurotransmitters. 

Depolarization.  Change  in  the  resting  membrane  potential  of  a  cell  in  the  posi- 
tive  direction,  less  negative. 

.Hyperpolarization.  Change  in  the  resting  membrane  potential  of  a  cell  in  the 
negative  direction,  less  positive. 

Ionotropic.  A  receptor  mechanism  for  a  neuro transmitter:  the  receptor  protein  is 
part  of  an  ion  channel\receptor  protein  complex  and  opens  or  closes  the  ion 
channel  directly  in  response  to  the  presence  of  a  ligand  (i.e.,  any  compound  that 
binds  to  a  receptor)  for  that  receptor. 

Metabotropic.  A  receptor  mechanism  for  a  neurotransmitter:  the  receptor  pro- 
tein  acts  via  another  protein  such  as  a  g  protein  to  activate  or  inhibit  enzymes  and 
possibly  open,  close,  or  modify  ion  channels. 

Muscarinic  receptor  protein.  The  receptor  activated  by  the  neurotransmitter, 
acetylcholine  (ACh),  and  the  drug,  muscarine,  located  at  the  autonomic  innerva¬ 
tion  of  glands,  cardiac  muscle,  and  smooth  muscle— abbreviated  M. 

Neurotransmitter.  Chemical  released  from  a  sensory  receptor  cell  or  nerve  cell 
on  depolarization  of  that  cell.  On  release  the  chemical  diffuses  across  the  gap 
between  the  releasing  cell  and  an  adjoining  cell  to  act  on  the  adjoining  cell  to 
induce  a  change  in  its  electrical  or  chemical  properties. 

Nicotinic  receptor  protein.  The  receptor  activated  by  the  neurotransmitter, 
acetylcholine  (ACh),  and  by  the  drug,  nicotine,  located  at  the  neuromuscular 
junction  of  skeletal  muscle — abbreviated  Nm. 


CHEMICAL  RECEPTORS  ON  OUTER  HAIR  CELLS 


53 


Paracrine.  A  chemical  substance,  also  known  as  a  messenger,  that  is  released  from 
cells  and  reaches  different  target  cells  by  diffusion,  for  example,  neurotransmitters. 

Receptor  protein.  Protein  in  the  membrane  of  a  cell  that  accepts  a  chemical  mes¬ 
senger  (ligand)  such  as  the  neurotransmitter,  changes  its  configuration  on  accept¬ 
ing  the  neurotransmitter,  and  so  induces  subsequent  reactions  in  the  cell,  sucn  as 
opening  of  an  ion  channel  to  allow  for  diffusion  of  that  ion  down  its  concentration 
and  electrical  gradient. 
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Abstract 

Chen  et  al.  (1995)  recently  reported  an  altered  response  to  the  application  of  ATP  in  outer  hair  cells  (OHC)  isolated  from  guinea  pigs 
continuously  exposed  for  10  or  11  days  to  a  65  dB  SPL  (A-scale)  narrow-band  noise  (1.1  -2.0  kHz).  The  primary  goal  of  the  present 
study  was  to  test  the  hypothesis  that  the  continuous  low-level  noise  used  by  Chen  et  al.  (1995)  alters  cochlear  function.  Cubic  (2f  rf2)  and 
quadratic  (f,-f,)  DPOAEs,  as  well  as,  the  amount  of  contralateral  suppression  of  DPOAE  amplitudes  were  chosen  for  study.  Responses 
were  recorded  in  urethane-anesthetized  guinea  pigs  with  sectioned  middle  ear  muscles.  The  animals  had  either  been  exposed  to  the 
low-level  noise  for  3  or  11  days  or  not  exposed  at  all  (n  =  13  animals  per  group).  Results  demonstrate  that  this  noise  induces 
frequency-dependent  and  very  localized  reductions  in  2f,-f2  DPOAE  input/output  (I/O)  functions.  However,  the  f2-f,  DPOAE  I/O 
functions  appear  to  be  insensitive  to  the  noise  exposure.  No  noise-related  changes  were  found  in  the  amount  of  contralateral  suppression 
between  the  different  exposure  groups,  with  the  exception  of  one  unexplainable  data  point  (f2-f }  DPOAE  =  0.5  kHz;  day  3)  where  it  was 
reduced.  The  2frf2  DPOAE  amplitude  alterations  lend  support  to  the  conclusions  of  Chen  et  al.  (1995)  that  chronic  low-level  noise 
exposure  induces  molecular  changes  in  the  OHCs  which  may,  in  turn,  alter  cochlear  function. 

Keywords:  Noise  exposure;  Distortion  product  otoacoustic  emission;  Outer  hair  cell 


1.  Introduction 

Sound  exposure  induces  changes  in  the  structure  and 
function  of  the  auditory  pathway  (Saunders  et  al.,  1985, 
1991).  These  changes  depend  on  the  duration,  intensity, 
and  temporal  pattern  of  the  exposure.  Continuous  sound 
exposure  produces  more  profound  effects  on  the  auditory 
system  than  interrupted  sound  exposure  of  equal  acoustic 
energy  (Ward,  1976,  1991;  Bohne  et  al.,  1985,  1987;  Clark 
et  al.,  1987;  Clark,  1991;  Fredelius  and  Wersall,  1992). 
The  alterations  in  auditory  function  after  very  intense 
levels  of  sound  can  be  attributed  to  mechanical  changes  in 
cochlear  structure.  On  the  other  hand,  low  levels  of  sound 
produce  complex  changes  within  the  cochlea  that  are  not 
well  described. 

Above  a  certain  level,  continuous  noise  exposure  will 
result  in  a  decrease  in  auditory  sensitivity.  This  decrease  in 
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sensitivity  becomes  larger  during  the  first  24  h  of  exposure 
and  then  plateaus  as  the  exposure  continues,  remaining 
stable  during  exposures  lasting  as  long  as  3  years  (Clark 
and  Bohne,  1987).  This  pattern  of  sensitivity  change  is 
referred  to  as  an  asymptotic  threshold  shift  (ATS).  ATS 
has  been  demonstrated  in  chinchillas  (Carder  and  Miller, 
1972;  Mills,  1973,  1976;  Bohne  and  Clark,  1982;  Clark 
and  Bohne,  1987),  monkeys  (Moody  et  al.,  1976),  guinea 
pigs  (Syka  and  Popelar,  1980),  and  humans  (Melnick, 
1976).  The  level  and  duration  of  noise  exposure  deter¬ 
mines  whether  ATS  will  fully  recover  (temporary  thresh¬ 
old  shift,  TTS)  or  have  a  permanent  component  (perma¬ 
nent  threshold  shift,  PTS;  see  Fig.  1  in  Drescher,  1976). 

The  minimum  level  of  continuous  noise  exposure  re¬ 
quired  to  produce  a  threshold  shift  depends  upon  the  band 
of  noise  used  and  the  species  of  animal  under  investiga¬ 
tion.  These  minimum  levels  have  been  fairly  well  worked 
out  in  chinchillas  for  octave  bands  of  noise  centered  at  0.5 
and  4.0  kHz.  Carder  and  Miller  (1972)  suggested  that  a  0.5 
kHz  octave  band  noise  should  not  induce  an  elevation  of 
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auditory  threshold  when  the  exposure  level  is  at  or  below 
55  dB  SPL.  This  was  supported  by  Bohne  (1976)  who 
Dbserved  no  structural  damage  to  chinchilla  hair  cells  after 
2  days  of  exposure  to  a  noise  of  65  dB  SPL  and  the  same 
spectral  characteristics.  For  an  octave  band  of  noise  cen¬ 
tered  at  4.0  kHz,  Mills  (1973)  suggested  that  a  level  at  or 
below  47  dB  SPL  should  not  produce  ATS.  According  to 
these  results,  as  the  center  frequency  of  the  noise  band 
increases,  the  exposure  level  required  to  produce  ATS 
decreases. 

To  date,  there  is  little,  if  any,  information  about  the 
minimum  level  of  continuous  noise  required  to  produce  a 
threshold  shift  in  guinea  pigs.  Davis  et  al.  (1935)  exposed 
nine  guinea  pigs  to  a  600  Hz  pure  tone  at  65  dB  for  70 
days  and  found  slight  losses  in  sensitivity  in  only  one  of 
the  animals.  Canlon  and  Fransson  (1995)  exposed  guinea 
pigs  to  a  1.0  kHz  pure  tone  at  81  dB  SPL  for  24  days. 
They  reported  that  this  exposure  did  not  cause  any  signifi¬ 
cant  changes  in  auditory  brainstem  response  thresholds  and 
DPOAE  amplitudes  of  the  noise-exposed  animals  as  com¬ 
pared  to  the  unexposed  animals.  Syka  and  Popelar  (1980) 
demonstrated  the  existence  of  an  ATS  over  the  course  of  a 
5  day  exposure  to  a  100  dB  SPL  third  octave  band  of  noise 
centered  at  2.0  kHz.  However,  the  authors  did  not  explore 
the  minimum  level  of  noise  necessary  because  a  significant 
PTS  was  still  present  120  days  post-exposure. 

Chen  et  al.  (1995)  reported  that  a  10  or  1 1  day  exposure 
to  a  65  dB  SPL  (A-scale)  narrow-band  noise  (1.1  -2.0 
kHz)  altered  the  response  of  guinea  pig  isolated  OHCs  to 
ATP  application.  This  level  of  noise  is  very  close  to  the 
minimum  levels  suggested  to  induce  changes  that  would 
be  observed  as  a  threshold  shift  in  chinchillas  exposed  to 
an  octave  band  noise  centered  at  0.5  kHz  (Carder  and 
Miller,  1972).  Thus,  it  is  possible  that  the  particular  noise 
used  by  Chen  et  al.  (1995)  changes  auditory  threshold.  To 
partially  address  this  question,  we  asked  whether  the  noise 
used  by  Chen  et  al.  changes  cochlear  function?  Puel  et  al. 
(1988,  1995)  demonstrated  that  a  low  level  of  intense 
sound  affects  the  active  process  before  it  affects  the  pas¬ 
sive  process.  Thus  there  is  a  high  probability  that  since  the 
noise  used  by  Chen  et  al.  was  very  low,  it  only  affected  the 
active  process.  Others,  utilizing  salicylate,  have  demon¬ 
strated  that  the  active  process  is  integrally  linked  to  OHC 
function  and  low  level  cochlear  mechanics  (Puel  et  al., 
1989;  Shehata  et  al.,  1991;  Kujawa  et  al.,  1992).  There¬ 
fore,  to  answer  the  question  raised  by  the  study  of  Chen  et 
al.,  we  examined  the  effects  of  the  chronic  low-level  noise 
exposure  on  the  cubic  DPOAE  (2frf2)  and  the  quadratic 
DPOAE  (f2-fj).  DPOAE  measurements  were  chosen  for 
study  since  they  are  believed  to  reflect  the  status  of  OHC 
function  (Siegel  and  Kim,  1982;  Siegel  et  al.,  1982). 
Others  have  speculated  that  ATP  may  be  released  by  the 
efferents  synapsing  on  the  OHCs  (e.g.,  Eybalin,  1993), 
therefore,  the  response  reported  by  Chen  et  al.  may  be 
detected  as  an  alteration  in  the  effectiveness  of  efferent 
neurons.  This  was  monitored  by  the  amount  of  contralat¬ 


eral  suppression  of  the  DPOAEs  (Puel  and  Rebillard, 
1990;  Kirk  and  Johnstone,  1993;  Kujawa  et  al.,  1993). 

2.  Methods 

2.1.  Subjects 

Pigmented  guinea  pigs  (n  =  39)  of  either  sex  (300-500 
g)  were  used  as  subjects.  Upon  delivery  from  the  supplier, 
animals  were  randomly  assigned  to  three  groups  (n  =  13 
per  group)  according  to  the  number  of  days  exposed  to  a 
low-level  continuous  noise  (0,  3,  and  1 1  days).  The  control 
group  was  not  exposed  to  the  noise.  These  animals  were 
housed  at  the  university’s  animal  care  facility.  The  experi¬ 
mental  groups  were  exposed  to  a  65  dB  SPL  (A-scale) 
narrow-band  noise  (cutoff  frequencies  1.1  and  2.0  kHz)  24 
h/day  for  3  or  1 1  days.  These  animals  were  tested  approx¬ 
imately  1.5  h  after  removal  from  the  noise  because  of  the 
time  necessary  for  the  surgical  procedures  described  be¬ 
low.  All  animals  were  given  free  access  to  food  and  water. 
The  care  and  use  of  the  animals  that  were  used  in  this 
study  were  approved  by  LSUMC’s  Institutional  Animal 
Care  and  Use  Committee. 

2.2.  Noise  exposure  facility  and  noise  generation 

Unanesthetized  guinea  pigs  were  exposed  to  the  contin¬ 
uous  noise  in  groups  of  10  or  less  in  a  small  sound-at¬ 
tenuated  booth.  A  small  light  was  installed  within  the 
booth  and  controlled  with  a  timer  to  provide  the  animals 
12  h  of  light  and  12  h  of  darkness. 

The  noise  was  generated  by  a  WG2  Waveform  Genera¬ 
tor  (Tucker-Davis  Technologies)  which  was  set  to  produce 
a  uniform  noise  signal.  This  signal  was  filtered  using  a 
Brickwall  Filter  (Wavetek/Rockland  Model  753 A)  config¬ 
ured  in  the  bandpass  mode  with  a  low-frequency  cutoff  at 
1.1  kHz  and  a  high-frequency  cutoff  at  2.0  kHz.  The  level 
of  the  noise  was  controlled  by  a  PA4  Programmable 
Attenuator  (Tucker-Davis  Technologies).  Additional  power 
was  gained  using  a  power  amplifier  (McIntosh  MC2100) 
producing  the  final  signal  delivered  to  the  speaker  (Realis¬ 
tic  40-1286C;  8(1,  30  W). 

Noise  levels  were  monitored  by  placing  a  sound  level 
meter  (Briiel  &  Kjaer  Type  2230  Precision  Integrating 
Sound  Level  Meter)  within  the  booth.  The  microphone  was 
positioned  so  that  it  was  approximately  at  the  level  of  the 
guinea  pigs’  ears  and  was  placed  at  various  positions 
around  the  booth  to  ensure  that  the  noise  was  equally 
distributed  throughout  the  booth.  The  spectrum  of  the 
noise  as  measured  with  a  signal  analyzer  (Hewlett-Packard 
3561  A)  is  shown  in  Fig.  1. 

2.3 .  General  surgical  methods 

Immediately  prior  to  testing,  the  animals  were  anes¬ 
thetized  by  administering  a  dose  of  urethane  (Sigma;  1.5 
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g/kg,  i.p.X  tracheotomized.  and  allowed  to  breathe  unas¬ 
sisted.  Supplementary  doses  of  anesthetic  (urethane,  1.5 
g/kg)  were  given  to  maintain  an  adequate  depth  of  anes¬ 
thesia.  Electrocardiogram  and  rectal  temperature  were 
monitored  throughout  each  experiment  and  temperature 
maintained  at  38  ±  1°C  using  a  heating  pad. 

The  surgical  procedures  used  were  similar  to  those 
described  by  Kujawa  et  al.  (1993).  Briefly,  cartilaginous 
ear  canals  were  exposed  and  partially  removed  to  allow  for 
proper  placement  of  hollow  ear  bars  which  help  secure  the 
animal  in  the  headholder.  This  procedure  also  ensured 
optimal  coupling  of  the  sound  delivery  system  to  both  ears. 
Using  a  ventrolateral  approach,  the  ipsilateral  (right)  audi¬ 
tory  bulla  was  exposed  and  opened  to  gain  access  to  the 
tendons  of  the  middle  ear  muscles.  These  tendons  were 
sectioned  in  all  animals  to  prevent  the  involvement  of 
middle  ear  muscle  contraction  on  DPOAE  measurements. 

2.4.  DPOAE  generation  and  measurement 

Equilevel  primary  tones,  and  f2,  were  generated 
under  computer  control  using  Tucker-Davis  System  2  au¬ 
dio  processing  equipment.  More  specifically,  the  computer 
generated  primaries  were  sent  to  two  separate  channels  of 
a  DAI  digital-to-analog  converter  and  attenuated  to  de- 


Table  1 

Primary  tones  (f,,U)  and  corresponding  cubic  (2frf:)  and  quadratic 
(f2-f,)  DPOAEs  (in  kHz)  _ 


f, 

f. 

fvf, 

2frf, 

1.250 

1.500 

- 

1.000 

1.563 

1.875 

0.312 

1.250 

2.500 

3.000 

0.500 

2.000 

3.750 

4.500 

0.750 

3.000 

5.000 

6.000 

1.000 

4.000 

6.250 

7.500 

1.250 

5.000 

7.500 

9.000 

1.500 

6.000 

10.000 

12.000 

2.000 

8.000 

sired  levels  using  PA4  programmable  attenuators.  The 
analog  signals  were  then  sent  to  two  separate  channels  of 
an  FT5  anti-aliasing  low-pass  filter  with  a  20  kHz  cutoff 
frequency  and  then  to  an  HB5  headphone  buffer  before 
being  sent  to  two  separate  speakers  (Etymotic  Research. 
ER-2)  housed  within  an  acoustic  probe  assembly.  The 
acoustic  probe  assembly  was  tightly  coupled  to  the  right 
ear  of  each  animal.  DPOAEs  were  detected  by  a  sensitive 
microphone  (Etymotic  Research,  ER-10)  also  housed 
within  the  probe  assembly  and  amplified  using  a  micro¬ 
phone  preamplifier  (Etymotic  Research,  ER-1072).  A  dy¬ 
namic  signal  analyzer  (Hewlett-Packard,  3561  A)  was  used 


Fig.  1 .  The  frequency  spectrum  of  the  65  dB  SPL  (A-scale)  noise  used  for  continuous  exposure.  The  sound  level  was  monitored  with  a  sound  level  meter 
and  a  1\2  in.  microphone  (Bruel  &  Kjser  type  2230  meter  and  type  4155  microphone)  and  viewed  with  a  dynamic  signal  analyzer  (Hewlett-Packard 
3561  A)  set  at  a  bandwidth  of  95.485  Hz. 
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average  the  DPOAE  responses  for  FFT  analysis  and 
>ectral  display  (CF  =  DPOAE  frequency;  span  =  1  kHz; 
W  *  3.75  Hz). 

DPOAE  amplitudes  were  measured  for  several  combi- 
itions  of  fl  and  f:  having  a  ratio  f 2/f  i  =  1.2  (Table  1). 
his  ratio  is  within  the  range  describing  the  optimal  fre- 
jency  separation  of  fj  and  f2  for  the  guinea  pig  (1.2- 1.3; 
rown.  1987;  Brown  and  Gaskill,  1990).  Since  the  place 
■  origin  of  the  DPOAEs  is  believed  to  be  near,  or  at,  the 
place  on  the  cochlear  partition  (Matthews  and  Molnar, 
}86:  Brown  et  al.,  1992;  Allen  and  Fahey,  1993),  all  data 
e  expressed  as  a' function  of  f2  rather  than  the  frequency 
r  the  DPOAE  (Table  1).  DPOAEs  were  elicited  with 
juilevel  primaries  tones  (Ll  =  L2).  Both  quadratic  (f2-ft) 
id  cubic  (2f ,-f2)  DPOAEs  were  studied.  The  primary 


tones  were  presented  in  descending  order,  starting  at  a 
level  of  70  dB  SPL  and  decreasing  in  5  dB  steps  to  20  dB 
SPL.  DPOAE  I/O  functions  (i.e.,  plots  of  primary  level 
vs.  DPOAE  amplitude  for  each  f2)  were  generated. 

2.5.  Contralateral  noise  generation 

The  70  dB  SPL  wide-band  noise  delivered  to  the  con¬ 
tralateral  (left)  ear  to  activate  the  efferents  was  also  gener¬ 
ated  under  computer  control  using  Tucker-Davis  System  2 
audio  processing  equipment.  In  particular,  a  W1  Wave¬ 
form  Generator  was  set  up  to  produce  a  uniformly  dis¬ 
tributed  noise  signal.  The  level  of  the  was  controlled  with 
a  PA4  Programmable  Attenuator  and  then  sent  to  a  speaker 
(Etymotic  Research,  ER-2).  A  polyethylene  tube  (1.35  mm 


co 


O 


20  30  40  50  60  70 

Primary  Level 


(dB  SPL)  (n  =  13/  group) 


g.  2.  Effect  of  continuous  low-level  noise  exposure  on  2frf2  DPOAE  I/O  functions  for  different  frequencies  of  f:.  Shown  are  data  (means  ±  SE; 
=  13  animals/group)  for  the  unexposed  group  (day  0;  O),  the  group  of  animals  exposed  for  3  days  (day  3;  •),  and  the  group  of  animals  exposed  for  1 1 
lys  (day  11;  a  ).  ’  P  <  0.05  and  *  ’  P  <  0.01.  The  dashed  line  represents  the  noise  floor. 
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ID,  292  mm  length)  attached  to  the  output  of  the  speaker 
was  used  to  deliver  the  noise  down  the  hollow  ear  bar 
coupled  to  the  entrance  of  the  bony  canal  of  the  left  ear. 
The  spectrum  of  the  noise  presented  to  the  contralateral  ear 
was  flat  (±  10  dB)  from  0.9  to  15.8  kHz  and  rolled  off 
approximately  50  dB/octave  above  15.8  kHz. 

2.(5.  Contralateral  suppression  measurements 

DPOAEs  were  recorded,  both  with  and  without  the 
wide-band  noise  (70  dB  SPL)  presented  to  the  contralateral 
ear  for  several  combinations  of  f{  and  f2  (f2/f i  =  1-2; 
L,  =  L2  =  60  dB  SPL).  Table  1  lists  the  primary  frequen¬ 


cies  and  the  corresponding  DPOAEs  (f2-f j  and  2frf2)  that 
were  studied.  The  paradigm  used  to  measure  the  amount  of 
contralateral  suppression  is  the  same  as  that  used  by 
Kujawa  et  al.  (1995).  Briefly,  five  consecutive  averages  of 
DPOAE  amplitude  (10  spectra  per  averages)  were  first 
obtained  in  the  absence  of  contralateral  stimulation.  The 
wide-band  noise  was  then  delivered  to  the  contralateral  ear 
and  again  five  consecutive  10-spectra  averages  of  the 
DPOAE  amplitude  were  obtained.  The  final  five  consecu¬ 
tive  averages  were  taken  after  the  contralateral  stimulation 
was  removed.  Each  of  these  averages  required  approxi¬ 
mately  5  s  to  complete.  A  total  of  25  s  of  amplitude 
monitoring  was  obtained  for  each  condition. 


f2-f1 


day  0 
day  3 
day  1  1 


co 


o 

0. 


Primary  Level 


(dB  SPL)  (n  =  13/  group) 


Fig.  3.  Effect  of  continuous  low-level  noise  exposure  on  f;-f,  DPOAE  I/O  functions  for  different  frequencies  of  f2.  Shown  are  data  (means  ±  SE:  n  =  13 
animals/group)  for  the  unexposed  group  (day  0:  O).  the  group  of  animals  exposed  for  3  days  (day  3;  •).  and  the  group  of  animals  exposed  for  1 1  days 
(day  11;  a).  The  dashed  line  represents  the  noise  floor. 
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Day 

n  **  1 3  /  group 


ig.  4.  Effect  of  continuous  low-level  noise  exposure  on  the  amount  of  contralateral  suppression  for  the  2f,-f2  DPOAE  for  different  frequencies  of  f2. 
'POAEs  were  monitored  before  (5  trials)  and  during  (5  trials)  presentation  of  wideband  noise  (70  dB  SPL)  to  the  contralateral  ear.  Each  trial  represents  a 
3  spectra  average  and  required  5  s  to  complete.  The  bars  represent  the  amount  of  contralateral  suppression  which  was  calculated  by  subtraction  the  mean 
f  the  5  during  trials  from  the  mean  of  the  5  before  trials.  Data  are  represented  as  means  ±  SE  (n  =  13  animals/group). 


.7.  Data  analysis 

Data  are  presented  as  means  ±  SE.  Effects  of  the  low- 
^vel  noise  exposure  on  DPOAE  I/O  functions  and  con- 
*alateral  suppression  were  quantified  using  1-way  (by 
xposure  group)  analysis  of  variance  (ANOVA)  and  New- 
lan-Keuls  post-hoc  tests.  P  values  less  than  0.05  were 
onsidered  statistically  significant. 


3.  Results 

3.1.  Effect  of  continuous  low-level  noise  exposure  on 
DPOAE  I/O  functions 

Fig.  2  illustrates  the  2frf2  DPOAE  I/O  functions  of 
the  unexposed  (control)  guinea  pigs  and  the  guinea  pigs 
exposed  continuously  to  the  65  dB  SPL  narrow-band  noise 


ig.  5.  Effect  of  continuous  low-level  noise  exposure  on  the  amount  of  contralateral  suppression  for  the  f2-f,  DPOAE  for  different  frequencies  of  f2.  See 
ig.  4  for  additional  information. 
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for  either  3  or  II  days.  The  results  show  significant 
differences  between  the  control  group  and  both  noise-ex¬ 
posed  groups  in  the  DPOAE  I/O  functions  elicited  when 
f2  was  in  the  region  of  the  noise  band  (Fig.  2;  f2  =  1.5 
kHz  and  1.875  kHz).  Only  intensity  levels  above  the  noise 
floor  and  ranging  from  40  to  55  dB  SPL  were  significantly 
different  (Fig.  2).  All  other  DPOAE  I/O  functions  were 
not  significantly  different  (Fig.  2;  f2  =  3.0,  4.5,  6.0,  7.5, 
9.0,  and  12.0  kHz:  P>  0.05). 

Fig.  3  illustrates  the  f2-f,  DPOAE  I/O  functions  of  the 
unexposed  (control)  guinea  pigs  and  the  guinea  pigs  ex¬ 
posed  continuously  to  the  65  dB  SPL  narrow-band  noise 
for  either  3  or  1 1  days.  The  results  did  not  show  any 
significant  differences  in  the  DPOAE  I/O  functions  be¬ 
tween  any  of  the  groups  tested  for  any  combination  of 
primary  tones  studied  (P  >  0.05). 

3.2.  Effect  of  continuous  low-level  noise  exposure  on 
contralateral  suppression 

Fig.  4  and  Fig.  5  illustrate  the  average  (n  —  13  ani¬ 
mals/group)  amount  of  contralateral  suppression  mea¬ 
sured  in  the  unexposed  group  of  animals  and  the  groups  of 
animals  exposed  to  the  65  dB  SPL  narrow-band  noise  for 
both  the  2f j-f 2  and  f2-f,  DPOAE.  The  only  suppression 
that  was  statistically  different  from  day  0  was  the  0.5  kHz 
f2-f  l  DPOAE  (f2  =  3  kHz)  at  day  3  (Fig.  5).  Other  than  for 
this  one  measure,  there  were  no  other  statistically  signifi¬ 
cant  changes  in  the  amount  of  contralateral  suppression 
over  the  course  of  the  continuous  noise  exposure  in  either 
the  f2-fj  or  2f  t-f2  DPOAEs. 


4.  Discussion 

4.1.  Level  of  noise  exposure  and  threshold 

Chen  et  al.  (1995)  reported  that  a  65  dB  SPL  narrow- 
band  noise  (1. 1-2.0  kHz)  altered  the  response  of  OHCs  to 
ATP.  The  primary  goal  of  the  present  study  was  to  test  the 
hypothesis  that  the  continuous  low-level  noise  used  by 
Chen  et  al.  alters  cochlear  function.  Results  demonstrate 
that  this  noise  induces  a  frequency-dependent  and  very 
localized  reduction  in  2f{-f2  DPOAE  I/O  functions  in 
guinea  pigs  exposed  continuously  for  3  and  1 1  days. 

To  the  best  of  our  knowledge,  the  level  used  in  the 
present  study  is  the  lowest  level  of  noise  found  to  produce 
changes  in  the  auditory  function  of  the  guinea  pig.  It  is 
interesting  to  note  that  there  were  similar  reductions  in 
DPOAE  amplitude  for  the  groups  of  animals  exposed  for  3 
and  1 1  days.  This  pattern  of  amplitude  change  resembles 
that  of  an  ATS  (Carder  and  Miller,  1972).  There  are  no 
previous  reports  of  ‘ATS-like’  changes  in  DPOAE  ampli¬ 
tude  in  response  to  long-term  noise  exposure.  However, 
we  only  monitored  the  changes  in  DPOAE  amplitude  on  2 


days  during  our  noise  exposure  protocol.  Therefore,  more 
experiments  will  have  to  be  performed  to  characterize  the 
time  course  of  DPOAE  amplitude  change  and  to  determine 
the  degree  of  PTS  and  TTS. 

4.2.  Noise-induced  effects  on  OHCs  and/or  cochlear 
mechanics 

Significant  amplitude  reductions  of  the  2frf2  DPOAE 
occurred  only  when  the  frequency  of  f2  was  within  the 
noise  exposure  band.  This  finding  is  consistent  with  the 
belief  that  the  f2  place  along  the  cochlear  partition  is  the 
generation  site  of  2frf2  DPOAEs  (Matthews  and  Molnar, 
1986;  Brown  et  al.,  1992;  Allen  and  Fahey,  1993;  Puel  et 
al.,  1995).  Damage  to  this  place  results  in  the  reduction 
and  possibly  complete  loss  of  the  corresponding  2frf2 
DPOAE  (Siegel  and  Kim,  1982;  Siegel  et  al.,  1982;  Zurek 
et  al.,  1982).  Further,  the  changes  in  DPOAE  amplitude 
induced  by  the  noise  exposure  occurred  only  in  the  region 
of  the  I/O  functions  elicited  by  low-to-moderate  level 
primaries.  These  low-level  DPOAEs  are  thought  to  be 
mediated  by  active  cochlear  mechanics  and  are  physio¬ 
logically  vulnerable  to  the  same  factors  that  normally 
damage  or  destroy  OHC  function. 

We  examined  the  effect  of  the  noise  on  the  f2-f{ 
DPOAE,  since  it  is  thought  that  these  events  reflect  a 
different  mechanical  process  in  the  cochlea  then  does  the 
2f t -f DPOAE  (Brown,  1988).  Results  show  that  there 
was  no  significant  change  in  the  amplitude  of  the  f2-fj 
DPOAE  I/O  functions  even  when  the  f2  frequency  was 
within  the  noise  band.  These  results  appear  to  indicate  that 
the  f2-f !  DPOAE  are  insensitive  to  the  noise  exposure 
used  in  our  study. 

4.3.  ATP  and  efferents 

Although  speculative,  it  has  been  suggested  that  the 
cochlear  efferents  may  release  ATP  onto  the  OHCs 
(Nakagawa  et  al.,  1990;  Eybalin,  1993).  However,  to  date 
no  response  observed  upon  efferent  activation  has  been 
attributed  to  released  ATP.  Nevertheless,  it  is  possible  that 
the  reduction  of  the  ATP  response  in  the  isolated  OHCs 
reported  by  Chen  et  al.  (1995)  may  decrease  the  effective¬ 
ness  of  the  efferent  innervation  on  the  OHCs.  Therefore, 
we  examined  effects  of  the  noise  exposure  on  the  amount 
of  DPOAE  amplitude  suppression  obtained  during  pre¬ 
sentation  of  sound  to  the  contralateral  ear.  an  effect  known 
to  be  efferent- mediated  (Warren  and  Liberman,  1989;  Puel 
and  Rebillard,  1990;  Kirk  and  Johnstone,  1993;  Kujawa  et 
al.,  1993).  With  the  exception  of  one  unexplainable  data 
point  (f2-ft  DPOAE  =  0.5  kHz;  day  3)  where  it  was 
reduced,  no  additional  changes  were  found  in  the  amount 
of  contralateral  suppression.  This  failure  to  detect  a  change 
may  be  due  to  the  fact  that  the  ATP  may  not  play  a  role  in 
this  efferent  phenomena. 
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'.  Summary f 

In  summary,  results  show  that  the  chronic  noise  expo- 
■e  used  in  this  study  and  by  Chen  et  al.  (1995;  65  dB 
L,  1.1  -2.0  kHz)  does,  in  fact,  alter  cochlear  function  as 
:asured  by  changes  in  the  2frf2  DPOAE.  The  amplitude 
luctions  were  frequency-specific,  occurring  only  in 
>OAEs  elicited  when  f2  was  within  the  noise  exposure 
id.  This  level. of  noise  (for  this  particular  noise  spec- 
m)  probably  approximates  the  minimum  level  of  contin- 
us  noise  required  to  induce  a  threshold  shift  in  guinea 
ts.  In  addition,  the  DPOAE  amplitude  alterations 
monstrated  here  lend  support  to  the  conclusions  of  Chen 
al.  (1995)  that  chronic  low-level  noise  exposure  induces 
Secular  changes  in  the  OHCs  which  may,  in  turn,  alter 
chlear  function. 
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Abstract 

The  purpose  of  this  study  was  to  test  the  hypothesis  that  differences  exist  in  the 
amount  of  protection  provided  by  prior  sound  conditioning  with  continuous  vs.  interrupted, 
moderate-level  noise.  Differences  were  determined  by  monitoring  the  changes  that  occurred 
in  cubic  (2frf2)  distortion  product  otoacoustic  emission  (DPOAE)  amplitude  growth  functions 
subsequent  to  a  traumatizing  noise  exposure  (105  dB  SPL,  1. 0-2.0  kHz  octave  band  noise 
presented  24  hours  per  day  for  3  days)  in  guinea  pigs  which  had  been  conditioned  with  either 
continuous  (89  dB  SPL,  1. 0-2.0  kHz  octave  band  noise  presented  24  hours  per  day  for  11 
days)  or  interrupted  noise  (95  dB  SPL,  1. 0-2.0  kHz  octave  band  noise  presented  on  a  6  hours 
"on"/ 18  hours  "off'  schedule  for  11  days)  of  equal  acoustic  energy. 

Results  suggest  that  there  are  significant  differences  in  the  degree  of  protection 
provided  by  prior  sound  conditioning  with  the  continuous  and  interrupted  schedules  of 
moderate-level  noise  used  in  this  study.  Specifically,  the  interrupted  conditioning  protocol 
afforded  some  degree  of  protection  against  the  damaging  effects  of  the  traumatizing  noise 
exposure,  limited  to  frequencies  above  the  noise  exposure  band.  Conversely,  there  was  a  lack 
of  any  consistent  and  sizable  protective  effect  found  across  the  entire  test  frequency  range  for 
the  continuous  sound  conditioning  protocol. 

Keywords:  Distortion  product  otoacoustic  emissions,  Protection,  Noise  exposure 


2 


1.  Introduction 

In  recent  years,  considerable  attention  has  been  given  to  the  idea  that  susceptibility  of 
the  auditory  system  to  noise-induced  hearing  loss  may  be  lessened  by  an  individual's  previous 
history  of  noise  exposure.  Prior  exposures  to  moderate-level  acoustic  stimulation  (i.e., 
conditioning)  can  reduce  the  deleterious  effects  of  subsequent  higher  level  (and  usually 
damaging)  exposures  (Canlon  et  al.,  1988,  1992;  Campo  et  al.,  1991;  Henderson  et  al.,  1992; 
Ryan  et  al.,  1994).  Both  continuous  and  interrupted  schedules  of  moderate -level  noise  have 
been  used  as  conditioning  exposures,  and  both  schedules  have  been  reported  as  being 
effective  in  providing  protection  against  subsequent  noise  trauma. 

There  is  evidence  to  suggest  that  the  temporal  pattern  of  a  noise  exposure  (i.e., 
continuous  vs.  interrupted  presentation)  is  an  important  factor  in  determining  the  magnitude  of 
hair  cell  damage  and  the  pattern  of  sensitivity  change  produced  by  an  exposure.  Many 
investigations  have  focused  on  the  histological  changes  associated  with  continuous  and 
interrupted  exposure  schedules  and  have  shown  that  continuous  noise  exposures  are  more 
damaging  to  the  cochlea  than  interrupted  exposures  of  equal  acoustic  energy  (Bohne  et  al., 
1985,  1987;  Fredelius  and  Wersall,  1992).  Others  have  reported  that  moderate-level 
continuous  and  interrupted  noise  exposures  differ  in  the  pattern  of  auditory  sensitivity  change 
that  they  produce  over  time  (Carder  and  Miller,  1972;  Miller  et  al.,  1963).  Continuous  noise 
exposure  results  in  a  decrease  in  sensitivity  that  grows  over  the  first  24  hours  of  exposure  and 
then  stabilizes  as  the  exposure  continues.  This  pattern  is  referred  to  as  an  asymptotic 
threshold  shift  (Carder  and  Miller,  1972).  Interrupted  noise  exposure,  on  the  other  hand, 
results  in  an  initial  decrease  in  sensitivity  during  the  first  few  days  of  exposure,  followed  by  a 
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return  towards  pre-exposure  levels  on  subsequent  days  of  exposure  (Clark  et  al.,  1987;  Miller 
et  al.,  1963).  This  pattern  of  change  is  known  as  "toughening". 

Currently,  it  is  unknown  whether  there  are  differences  in  the  amount  of  protection 
afforded  by  prior  conditioning  of  the  auditory  system  with  either  moderate-level  continuous  or 
interrupted  noise  exposures  of  equal  acoustic  energy.  Thus,  the  purpose  of  this  study  is  to 
test  the  hypothesis  that  differences  exist  in  the  amount  of  protection  provided  by  prior  sound 
conditioning  with  continuous  vs.  interrupted  moderate-level  noise.  The  differences  in 
protective  effect  of  the  two  conditioning  schedules  were  determined  by  monitoring  changes 
that  occurred  in  distortion  product  otoacoustic  emission  (DPOAE)  amplitude  growth  functions 
after  a  subsequent  traumatizing  exposure  in  guinea  pigs  that  had  been  conditioned.  Both 
conditioning  exposure  schedules  had  the  same  total  acoustic  energy.  This  equal  energy 
requirement  was  considered  important  in  the  design  of  the  study  because  it  yielded  noise 
exposures  that  differed  only  in  their  temporal  pattern. 

2.  Methods 
2.1.  Subjects 

Experiments  were  performed  on  pigmented  guinea  pigs  ( Cavia  cobaya )  of  either  sex 
weighing  between  500  and  850  grams.  Only  animals  with  no  obvious  outer  or  middle  ear 
pathology  were  included  in  the  study.  An  additional  criterion  was  also  established  to  exclude 
animals  whose  DPOAE  responses  may  have  been  altered  during  surgery.  This  criterion 
required  that  all  animals  have  DPOAE  amplitudes  of  10  dB  or  greater  when  ^=10  kHz,  f2=12 
kHz  (DPOAE  frequency  =  8  kHz),  and  the  level  of  the  primary  tones  was  45  dB  SPL.  These 
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primary  frequencies  were  thought  to  be  outside  of  the  range  affected  by  the  octave  band  noise 
(1-2  kHz)  used  in  this  study.  Therefore,  reductions  in  amplitude  below  the  10  dB  criterion 
level  were  associated  with  surgical  complications.  Animals  were  randomly  assigned  to  six 
groups  (n  =  14  per  group)  as  follows: 

Aged  Normal  Group  -  Animals  were  housed  and  cared  for  in  the  Animal  Care 
facility  for  7-8  weeks  prior  to  being  tested.  The  level  of  the  ambient  noise  within  this  facility 
was  usually  between  40  and  50  dB  SPL  (A-scale). 

Continuous  Conditioning  Group  -  Animals  were  exposed  continuously  for  1 1  days  to 
an  89  dB  SPL  (A-scale)  octave  band  noise  (1-2  kHz).  These  animals  were  tested  within  2 
hours  after  their  removal  from  the  noise  exposure  booth. 

Interrupted  Conditioning  Group  -  Animals  were  exposed  to  a  95  dB  SPL  (A-scale) 
octave  band  noise  (1-2  kHz)  6  hours  per  day  for  11  days  (6  hrs  "on"/ 18  hrs  "off").  These 
animals  were  also  tested  within  2  hours  after  their  removal  from  the  noise  exposure  booth. 

Continuous  Conditioning,  then  Blast  Group  -  Animals  were  exposed  continuously 
for  11  days  to  an  89  dB  SPL  octave  band  noise  (1-2  kHz),  given  1  week  to  recover,  exposed 
continuously  to  a  105  dB  SPL  noise  (1-2  kHz)  for  3  days,  and  then  allowed  to  recover  for  4 
weeks  before  being  tested. 

Interrupted  Conditioning,  then  Blast  Group  -  Animals  were  exposed  6  hours  per 
day  for  11  days  to  a  95  dB  SPL  octave  band  noise  (1-2  kHz;  6  hours  "on"/18  hours  "off"), 
given  1  week  to  recover,  exposed  continuously  to  a  105  dB  SPL  noise  (1-2  kHz)  for  3  days, 
and  then  allowed  to  recover  for  4  weeks  before  being  tested. 

Blast  Only  Group  -  Animals  were  exposed  only  to  the  105  dB  SPL  noise  (1-2  kHz) 


5 


for  3  days,  and  then  allowed  to  recover  for  4  weeks  before  being  tested.  The  amount  of  time 
these  animals  spent  in  the  facility  prior  to  exposure  was  equivalent  to  the  time  required  to 
condition  the  animals  in  the  other  groups  (11  days)  and  allow  them  to  recover  (1  week). 

During  periods  of  noise  exposure,  the  animals  were  housed  in  a  small  sound 
attenuating  booth  (See  Section  2.2.1  for  description).  Unexposed  animals,  along  with  animals 
recovering  from  the  noise  exposure,  were  housed  and  cared  for  in  the  Louisiana  State 
University  Medical  Center's  Animal  Care  facility.  All  animals  were  given  free  access  to  food 
and  water.  The  care  and  use  of  the  animals  were  approved  by  the  Medical  Center's 
Institutional  Animal  Care  and  Use  Committee. 

22  Noise  Generation  and  Exposure  Methods 

2.2.1  Noise  exposure  facility 

During  periods  of  noise  exposure,  unanesthetized  guinea  pigs  were  housed  in  groups 
of  8  or  less  in  a  small  sound -attenuated  booth  (approximate  interior  dimensions  76  x  60  x  40 
cm).  A  speaker  was  mounted  on  a  wooden  surface  which  covered  the  booth  ceiling  and  was 
approximately  40  cm  above  the  level  of  the  guinea  pigs'  ears.  The  walls  of  the  booth  were 
lined  with  hard,  reflective  surfaces  to  produce  uniform  sound  levels  throughout  the  chamber. 

A  light  was  installed  within  the  booth  and  controlled  with  a  timer  to  provide  the  animals  with 
12  hours  of  light  and  12  hours  of  darkness. 

2.2.2  Noise  generation  and  calibration  procedures 

Both  the  moderate-level  conditioning  noise  and  the  traumatizing  noise  were  generated 
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by  a  WG2  Waveform  Generator  (Tucker-Da vis  Technologies)  which  was  set  in  the  "Uniform" 
mode.  This  signal  was  bandpass  filtered  using  a  Brickwall  Filter  (Wavetek/Rockland  Model 
753 A)  with  a  low  frequency  cutoff  at  1.0  kHz,  a  high  frequency  cutoff  at  2.0  kHz,  and  a  roll¬ 
off  of  115  dB/octave  to  yield  an  octave  band  of  noise  centered  at  1414  Hz.  The  level  of  the 
filtered  noise  was  controlled  by  a  PA4  Programmable  Attenuator  (Tucker-Davis 
Technologies).  Additional  power  was  gained  using  a  power  amplifier  (McIntosh  MC2100) 
producing  the  final  signal  that  was  delivered  to  the  speaker  (Realistic  40-1286C;  8Q,  30 
watts). 

The  continuous  and  interrupted  schedules  of  the  moderate-level  conditioning  noise  had 
equal  acoustic  energy,  i.e.,  the  intensity  levels  of  the  continuous  and  interrupted  noise  were 
set  to  provide  equal  energy  per  24  hours  of  exposure.  Thus,  the  continuous  conditioning 
noise  was  presented  at  a  level  of  89  dB  SPL  (A-scale)  for  24  hours  per  day  for  1 1  days, 
while  the  interrupted  conditioning  noise  was  presented  at  a  level  of  95  dB  SPL  (A-scale)  for 
6  hours  per  day  (6  hours  "on"/ 18  hours  "off")  for  11  days.  The  high-level  traumatizing  noise 
was  presented  continuously  for  3  days  at  105  dB  SPL  (A-scale).  These  levels  were  chosen 
because  they  approximated  the  levels  of  conditioning  and  traumatizing  noises  used  in  previous 
studies  concerned  with  this  type  of  protection  phenomenon  (Canlon  et  al.,  1988;  Campo  et  al., 
1991). 

Noise  levels  were  monitored  twice  a  week  using  a  Vz  inch  condenser  microphone 
(Briiel  &  Kjaer  Type  4133)  and  preamplifier  combination  that  were  connected  to  a  measuring 
amplifier  (Briiel  &  Kjaer  Type  2610).  This  system  was  calibrated  with  a  sound  level 
calibrator  (Briiel  &  Kjaer  Type  4230).  The  microphone  was  positioned  so  that  it  was 
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approximately  at  the  level  of  the  guinea  pigs'  ears  and  was  placed  at  various  positions  around 
the  booth  to  ensure  that  the  noise  was  equally  distributed  throughout  the  booth.  Noise  levels 
were  found  to  vary  ±  2  dB  within  the  booth  depending  upon  microphone  position.  The 
background  level  inside  the  booth  with  the  noise  off,  doors  closed,  and  animals  present  was 
approximately  40  dB  SPL  (A-scale).  The  voltage  across  the  speaker  was  checked  daily  using 
a  digital  voltmeter  (Wavetek  Corporation  BI-DM15XL).  The  voltages  corresponding  to  the 
levels  of  noise  used  in  this  study,  i.e.,  89,  95,  and  105  dB  SPL,  were  approximately  0.45, 
0.90,  and  2.9  volts  (rms). 

2.3  General  surgical  methods 

Immediately  prior  to  testing,  the  animals  were  anesthetized  by  administering  a  dose  of 
urethane  (ethyl  carbamate,  Sigma;  1.5  g/kg,  i.p.),  tracheotomized,  and  allowed  to  breathe 
unassisted.  Supplementary  doses  of  anesthetic  (urethane,  0.15  g/kg)  were  given  if  necessary 
to  maintain  an  adequate  depth  of  anesthesia  (as  indicated  by  a  lack  of  a  withdrawal  response 
to  deep  pressure  and  pain  applied  to  the  animal's  paw).  Electrocardiogram  and  rectal 
temperature  were  monitored  throughout  each  experiment  and  temperature  was  maintained  at 
38  ±  1°C  using  a  heating  pad. 

The  surgical  procedures  used  were  similar  to  those  described  by  Kujawa  et  al.  (1993). 
Using  a  ventrolateral  approach,  the  right  auditory  bulla  was  exposed  and  opened  to  gain 
access  to  the  tendons  of  the  middle  ear  muscles.  These  tendons  were  sectioned  in  all  animals 
to  prevent  the  involvement  of  middle  ear  muscle  contraction  on  the  DPOAE  measurements. 
The  surgical  procedures  required  approximately  IV2  hours  to  complete. 
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2.4  DPOAE  generation  and  calibration  procedures 

The  instrumentation  used  in  this  study  to  elicit  and  measure  DPOAEs  has  been 
previously  described  (Skellett  et  al.,  1996).  Briefly,  primary  tones,  fj  and  f2  (f2>fi),  were 
generated  under  computer  control  using  Tucker-Davis  System  2  audio  processing  equipment 
and  then  sent  to  separate  speakers  (Etymotic  Research,  ER-2)  housed  within  an  acoustic  probe 
assembly.  The  acoustic  probe  assembly  was  tightly  coupled  directly  to  the  right  ear  of  each 
animal.  DPOAEs  were  detected  by  a  sensitive  microphone  (Etymotic  Research,  ER-10)  also 
housed  within  the  probe  assembly  and  amplified  using  a  microphone  preamplifier  (Etymotic 
Research,  ER-1072).  A  dynamic  signal  analyzer  (Hewlett-Packard,  3561 A)  was  used  to 
average  the  DPOAE  responses  for  fast  Fourier  transform  analysis  and  spectral  display  (25  rms 
averages;  center  frequency  =  DPOAE  frequency;  span  =  1  kHz;  bandwidth  =  3.75  Hz). 

Calibration  of  the  primary  tones  was  performed  at  the  outset  of  the  study  and  then 
twice  a  week  thereafter.  This  was  accomplished  by  coupling  the  acoustic  probe  assembly  to  a 
Va  inch  condenser  microphone  (Briiel  &  Kjaer  Type  4135)  and  then  cross-checking  the  output 
of  the  speakers  using:  (1)  the  ER-10  probe  microphone;  and  (2)  the  B&K  condenser 
microphone.  The  signal  from  the  probe  microphone  and  preamplifier  was  sent  to  the  signal 
analyzer  and  the  level  of  each  of  the  primary  tones  was  obtained  from  the  spectral  display 
(center  frequency  =  primary  tone  frequency;  span  =  1  kHz;  bandwidth  =  3.75  Hz)  and  later 
converted  to  dB  SPL  (re:  20  /iPa).  The  signal  transduced  by  the  condenser  microphone  and 
preamplifier  was  sent  to  the  measuring  amplifier  and  the  level  of  the  primary  tones  was 
indicated  by  the  deflection  of  the  needle  on  the  meter  scale  (measured  in  dB  SPL).  The 
equivalence  of  the  primary  levels  using  both  measurement  systems  was  verified  at  each 
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calibration  session. 

2.5  DPOAE  amplitude  growth  function  measurements 

Cubic  (2frf2)  DPOAEs  were  measured  for  several  combinations  of  fj  and  f2.  The 
particular  values  of  f2  (707,  1000,  1414,  2000,  2828,  4000,  5656,  8000,  and  11,312  Hz)  were 
chosen  for  study  because  their  corresponding  frequencies  map  out  in  half  octave  steps  the 
frequency  spectrum  of  the  noise  band  used  to  expose  the  animals  and  the  region  of  possible 
OHC  loss  along  the  cochlear  partition.  The  fj/f,  ratio  was  held  constant  at  1.2,  which  is 
within  the  range  describing  the  optimal  frequency  separation  of  ft  and  f2  for  the  guinea  pig 
(Brown,  1987;  Brown  and  Gaskill,  1990).  DPOAE  responses  were  elicited  with  equilevel 
primary  tones  which  were  presented  in  descending  order,  starting  at  a  level  of  70  dB  SPL  and 
decreasing  in  5  dB  steps  to  20  dB  SPL.  The  amplitudes  of  the  DPOAEs,  defined  as  the 
spectral  peak  corresponding  to  the  2fj-f2  frequency,  were  recorded  manually  in  dBV  from  the 
FFT  spectra  (25  averages)  and  later  converted  to  dB  SPL  (re:  20  /jPsl).  Plots  of  primary  level 
vs.  DPOAE  amplitude  (amplitude  growth  functions)  were  generated. 

2.6  Data  management  and  analysis 

Statistical  analysis  of  the  data  was  performed  using  Sigma  Stat  Statistical  Software 
(Version  2.0  for  Windows®  95,  NT,  &  3.1;  Jandel  Scientific  Corporation).  The  response 
measurements  (DPOAE  amplitude  growth  functions)  of  all  exposure  groups  were  analyzed 
using  a  between-group,  three-way  (exposure  group  x  frequency  x  primary  level)  analysis  of 
variance  (ANOVA)  procedure.  The  Tukey  multiple  comparisons  (post  hoc)  test  was 
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performed  when  significant  differences  were  found.  P  values  less  than  0.05  were  considered 
statistically  significant. 

3.  Results 

3.1  Baseline  DPOAE  responses 

The  mean  DPOAE  amplitude  growth  functions  obtained  from  the  Aged  Normal  Group 
(Figs.  1  and  3)  were  consistent  with  the  normative  DPOAE  results  of  other  studies  that  used 
guinea  pigs  as  experimental  subjects  (Brown,  1987;  Brown  and  Gaskill,  1990).  The  DPOAE 
amplitudes  were  generally  30-50  dB  SPL  below  the  level  of  the  primary  tones  at  each  of  the 
intensity  levels  and  each  frequency  tested.  Although  there  were  instances  where  the 
amplitude  growth  functions  were  nonmonotonic  (e.g.,  f2  =  707  and  1000  Hz),  the  overall 
growth  rate  of  the  distortion  product  amplitudes  was  approximately  linear.  The  variability  of 
the  amplitude  growth  functions  across  animals  was  small  at  each  frequency  tested,  with 
standard  deviations  of  usually  less  than  3  dB. 

3.2  Effects  of  sound  conditioning  on  DPOAE  responses 

The  DPOAE  amplitude  growth  functions  shown  in  Fig.  1  represent  the  average 
responses  (mean  ±  S.E.;  n=14)  of  the  Continuous  Conditioning  Group  and  the  Interrupted 
Conditioning  Group.  These  are  plotted  in  contrast  with  the  average  responses  (mean  ±  S.E.; 
n=14)  of  the  Aged  Normal  Group  to  demonstrate  the  effect  of  both  sound  conditioning 
protocols  on  normal  DPOAE  responses  and  to  compare  the  effects  of  the  two  different 
schedules  of  conditioning  noise.  All  main  effects  (Exposure  Group,  Frequency,  Intensity)  and 
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interactions  of  the  statistical  analysis  were  statistically  significant  (P<0.001).  The  Group  x 
Frequency  interaction  was  not  significant  when  the  intensity  of  the  primary  tones  was  20  dB 
(P  =  1.000);  however,  this  interaction  was  significant  at  all  other  intensity  levels.  In  addition, 
the  Group  x  Intensity  interactions  were  not  significant  when  the  frequency  of  f2  was  8000  (P 
=  0.826)  and  11312  Hz  (P  =  0.997),  whereas  significant  interactions  were  found  at  all  other  f2 
frequencies. 

3.2.1  Continuous  sound  conditioning 

The  continuous  conditioning  exposure  caused  reductions  in  DPOAE  amplitudes  in  a 
frequency-  and  intensity-dependent  manner.  The  overall  bell  shape  of  Fig.  2a  demonstrates 
the  frequency-dependence  of  the  noise-induced  effects  on  the  DPOAE  responses.  The 
maximum  effect  of  the  noise  exposure  occurred  in  the  mid-frequency  range  of  the  frequencies 
tested,  while  effects  were  not  as  great  in  the  lower  and  higher  frequencies.  Specifically,  the 
greatest  amplitude  reductions  (approximately  12-18  dB)  occurred  in  the  frequency  range 
spanning  f2  frequencies  of  1414-4000  Hz.  Smaller  reductions  (approximately  5-8  dB)  were 
found  at  f2  frequencies  of  707,  1000,  and  5656  Hz,  while  at  8000  and  11312  Hz,  the 
magnitude  of  the  amplitude  reductions  was  only  1-3  dB. 

The  pattern  of  the  individual  bars  plotted  at  each  frequency  in  Fig.  2a  illustrates  the 
intensity-dependence  of  the  noise-induced  effects  on  the  DPOAE  responses.  In  most  cases, 
the  greatest  decreases  in  amplitude  occurred  for  primary  levels  ranging  from  45-60  dB  SPL. 

At  the  lower  f2  frequencies  (707  and  1000  Hz),  there  were  actually  places  within  the 
amplitude  growth  functions  where  the  responses  of  the  sound  conditioned  group  were  better 
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or  not  much  different  than  those  of  the  normal  control  group.  This  occurred  for  primary 
levels  ranging  from  50-60  dB  SPL.  It  is  within  this  intensity  range  where  a  large  dip 
occurred  in  the  amplitude  growth  functions  of  the  unexposed  group  of  animals. 

3.2.2  Interrupted  sound  conditioning 

The  interrupted  conditioning  exposure  also  caused  reductions  in  DPOAE  amplitudes  in 
a  frequency-  and  intensity-dependent  manner.  The  overall  "quasi"  bell-shaped  pattern  of  Fig. 
2b  demonstrates  the  frequency-dependence  of  the  noise-induced  effects  on  the  DPOAE 
responses.  The  maximum  effect  of  the  noise  exposure  occurred  in  the  mid-frequency  range  of 
the  frequencies  tested,  while  effects  were  not  as  great  in  the  lower  and  virtually  non-existent 
in  the  higher  frequencies.  For  this  exposure  protocol  however,  the  greatest  amplitude 
reductions  occurred  in  a  narrower  frequency  range  (relative  to  the  continuous  sound 
conditioning  protocol),  spanning  f2  frequencies  of  2000-4000  Hz.  The  magnitude  of  the 
reductions  within  this  range  was  approximately  11-16  dB. 

The  pattern  of  the  individual  bars  plotted  at  each  frequency  in  Fig.  2b  illustrates  the 
intensity-dependence  of  the  noise-induced  effects  on  the  DPOAE  responses.  In  the  frequency 
region  where  the  interrupted  noise  exposure  had  its  greatest  effect  (f2  =  2000-4000  Hz),  the 
largest  decreases  in  amplitude  occurred  for  primary  levels  ranging  from  about  40-60  dB  SPL. 
At  the  lower  f2  frequencies  (707  and  1000  Hz),  there  were  actually  intensity  levels  of  the 
amplitude  growth  functions  where  the  DPOAEs  amplitudes  recorded  for  the  sound 
conditioned  group  were  larger  than  those  of  the  normal  control  group.  These  elevations  in  the 
DPOAE  amplitudes  relative  to  the  normal  controls  occurred  for  primary  levels  ranging  from 
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50-60  dB  SPL.  It  is  within  this  intensity  range  where  a  large  dip  occurred  in  the  amplitude 
growth  functions  of  the  unexposed  group  of  animals. 

3.3  Effects  of  the  traumatizing  noise  exposure  on  the  DPOAE  responses  of 
unconditioned  and  sound  conditioned  animals 

The  DPOAE  amplitude  growth  functions  shown  in  Fig.  3  represent  the  average 

responses  (mean  ±  S.E.;  n=14)  of  the  Blast  Only  Group,  the  Continuous  Conditioning  then 

Blast  Group,  and  the  Interrupted  Conditioning  then  Blast  Group.  These  are  plotted  along  with 

the  average  responses  (mean  ±  S.E.;  n=14)  of  the  Aged  Normal  Group  to  demonstrate  the 

effects  of  the  traumatizing  noise  exposure  in  both  unconditioned  and  sound  conditioned 

animals.  When  comparing  the  effects  of  the  traumatizing  noise  exposure  on  the  DPOAE 

amplitude  growth  function  measured  within  the  unconditioned  vs.  sound  conditioned  groups, 

statistically  significant  differences  were  found  between  the  exposure  groups  (p=0.015). 

Results  show  that  overall  (data  pooled  over  frequency  and  intensity),  the  Interrupted 

Conditioning  then  Blast  was  least  affected  by  the  traumatizing  noise,  followed  closely  by  the 

Blast  Only  Group  and  then  the  Continuous  Conditioning  then  Blast  Group.  This  implies  that 

there  was  some  amount  of  protection  afforded  by  prior  sound  conditioning  with  the 

interrupted  moderate-level  noise  exposure  used  in  this  study.  However,  the  overall  effect  of 

the  continuous  sound  conditioning  protocol  seemed  to  render  the  auditory  system  more 

susceptible  to  the  traumatizing  noise. 

3.3.1  Continuous  sound  conditioning 

Fig.  4a  provides  a  graphical  representation  of  the  mean  amplitude  differences  between 
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the  Blast  Only  Group  and  the  Continuous  Conditioning  then  Blast  Group.  The  amplitude 
differences  between  the  two  groups,  for  the  most  part,  were  fairly  small,  with  maximum 
differences  of  1-3  dB  (on  average).  In  addition,  no  obvious  pattern  of  protection  was 
observed  when  comparing  the  DPOAE  amplitudes  of  these  two  groups.  This  means  that  there 
were  no  definite  frequency  regions  that  demonstrated  that  the  continuous  conditioning  noise 
was  either  helpful  or  harmful  in  protecting  against  the  subsequent  traumatic  noise  exposure. 

3.3.2  Interrupted  sound  conditioning 

Fig.  4b  provides  a  graphical  representation  of  mean  amplitude  differences  between  the 
Blast  Only  Group  and  the  Interrupted  Conditioning  then  Blast  Group.  Interrupted  sound 
conditioning  produced  a  dual  effect  on  the  DPOAE  responses  depending  upon  the  f2  test 
frequency.  The  results  revealed  a  trend  toward  an  increased  susceptibility  to  the  traumatizing 
noise  exposure  in  the  sound  conditioned  animals  in  the  lower  test  frequency  range  (f2  =  707- 
2000  Hz)  and  a  degree  of  protection  in  the  test  frequency  range  spanning  f2  frequencies  of 
2828-11312  Hz.  The  differences  between  the  groups  were  statistically  significant  at  f2 
frequencies  of  707,  1000,  8000,  and  11312  Hz  (P<0.05). 

4.  Discussion 

4.1  Effects  of  sound  conditioning  on  DPOAE  responses 

4.1.1  Continuous  sound  conditioning 

The  maximum  effect  of  the  continuous  noise  exposure  occurred  at  test  frequencies 
within  and  slightly  above  the  noise  exposure  band,  with  lesser  effects  outside  of  this 
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frequency  region.  Specifically,  DPOAE  amplitude  reductions  of  12-18  dB  occurred  in  the 
frequency  region  spanning  f2  frequencies  of  1414-4000  Hz.  This  frequency  region 
corresponds  to  the  center  and  upper  cutoff  frequency  of  the  noise  exposure  band  used  in  this 
study  (1. 0-2.0  kHz),  and  extends  to  one  octave  above  the  upper  cutoff  frequency.  This 
finding  is  consistent  with  previous  reports  showing  that  the  maximum  effect  of  an  exposure 
can  occur  in  the  same  frequency  region  of  the  exposure  and/or  approximately  V2-I  octave 
above  the  upper  cutoff  frequency  for  bands  of  noise  of  reasonably  constant  spectrum  level 
(Davis  et  al.,  1943;  Ward,  1976;  Mitchell  et  ah,  1977;  Salvi  et  ah,  1982;  Ryan  et  ah,  1994; 
Fowler  et  al.,  1995). 

However,  the  results  of  the  present  study  were  different  from  the  findings  of  Canlon 
and  Fransson  (1995),  who  also  tested  the  effects  of  continuous  sound  conditioning  on 
DPOAEs  in  guinea  pigs.  These  authors  reported  that  their  continuous  sound  conditioning 
protocol  did  not  cause  any  significant  alterations  in  2frf2  DPOAE  amplitudes.  A  possible 
explanation  might  be  that  DPOAE  frequencies  chosen  for  study  by  Canlon  and  Fransson 
(1995)  were  not  generated  within  the  region  along  the  cochlear  partition  that  was  affected  by 
their  pure  tone  conditioning  exposure.  Again,  the  region  of  DPOAE  generation  is  thought  to 
be  near,  or  at,  the  f2  place  on  the  cochlear  partition  (Matthews  and  Molnar,  1986;  Brown  et 
al.,  1992;  Allen  and  Fahey,  1993;  Puel  et  al.,  1995).  This  means  that  if  the  exposure  was 
such  that  it  caused  only  very  localized  changes  in  cochlear  function  in  the  region  of  the 
conditioning  tone,  then  DPOAEs  with  primary  frequencies  (especially  f2)  outside  of  this 
region  would  be,  for  the  most  part,  unaltered  by  the  exposure.  Recently,  Skellett  et  al.  (1996) 
showed  that  reductions  in  DPOAE  amplitudes  in  response  to  a  low-level  exposure  occurred 
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only  when  the  frequency  of  f2  was  within  the  noise  exposure  band. 

4.1.2  Interrupted  sound  conditioning 

The  maximum  effect  of  the  interrupted  noise  exposure  occurred  in  the  mid-frequency 
range  of  the  frequencies  tested,  while  effects  were  not  as  great  in  the  lower,  and  virtually 
non-existent  in  the  higher  frequencies.  For  this  exposure  protocol  however,  the  greatest 
amplitude  reductions  occurred  in  a  narrower  frequency  range  relative  to  the  continuous  sound 
conditioning  protocol,  spanning  f2  frequencies  of  2000-4000  Hz.  This  frequency  region 
corresponds  to  the  upper  cutoff  frequency  of  the  noise  exposure  band  and  extends  to  one 
octave  above  the  upper  cutoff  frequency.  Subramaniam  et  al.  (1995)  also  found  that  by  the 
final  day  of  their  high-frequency  interrupted  exposure,  reductions  in  DPOAE  amplitudes  were 
fairly  localized  to  frequencies  within  the  noise  exposure  band.  However,  Subramaniam  et  al. 
(1994a,b)  found  that  when  they  exposed  animals  to  a  low-frequency  noise,  substantial 
reductions  in  DPOAE  amplitudes  were  measured  even  at  high  frequencies.  This  spread  of 
cochlear  damage  in  response  to  low  frequency  noise  exposure  has  been  previously  observed 
(Zurek  et  al.,  1982;  Clark  et  al.,  1987;  Subramaniam  et  al.,  1991). 

At  the  lower  f2  frequencies  (707  and  1000  Hz),  there  were  intensity  levels  where  the 
DPOAEs  amplitudes  recorded  for  the  sound  conditioned  group  were  larger  than  those  of  the 
normal  control  group.  The  elevations  in  the  DPOAE  amplitudes  relative  to  the  normal 
controls  occurred  for  primary  levels  ranging  from  50-60  dB  SPL.  Elevated  DPOAE 
amplitudes  measured  in  sound  conditioned  animals  at  frequencies  bordering  the  noise 
exposure  band  have  also  been  reported  by  Boettcher  and  Schmiedt  (1995).  In  addition,  Kim 
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et  al.  (1992)  found  that  DPOAE  amplitudes  were  larger  than  normal  at  the  edge  of  a  hearing 
loss  in  subjects  who  exhibited  audiograms  that  were  typical  of  those  obtained  in  subjects  with 
prior  histories  of  noise  exposure. 

4.1.3  Comparison  of  the  effects  of  the  continuous  and  interrupted  sound  conditioning 
protocols 

Although  the  two  sound  conditioning  protocols  used  in  the  present  experiment  had 
equal  acoustic  energy,  the  resultant  changes  in  DPOAE  amplitude  growth  functions  measured 
in  the  groups  of  guinea  pigs  exposed  to  either  continuous  or  interrupted  noise  were  not 
equivalent.  Not  only  were  the  magnitudes  of  the  noise-induced  DPOAE  amplitude  reductions 
less  in  the  animals  conditioned  with  the  interrupted  noise  as  opposed  to  the  continuous  noise, 
but  the  range  of  f2  frequencies  affected  by  the  interrupted  exposure  was  also  decreased. 

These  results  do  not  support  the  validity  of  the  EEH  which  assumes  that  the  cumulative 
damage  to  the  auditory  system  is  a  function  of  the  total  acoustic  energy  received,  regardless 
of  the  distribution  of  energy  over  time  (Eldred  et  al.,  1955).  In  addition,  previous  histological 
data  has  shown  that  while  the  pattern  of  hair  cell  damage  was  the  same  for  a  continuous  vs. 
an  interrupted  noise  exposure  (both  with  equal  acoustic  energy),  the  magnitude  of  hair  cell 
damage  induced  by  the  exposures  was  less  for  the  interrupted  exposure  (Bohne  et  al.,  1985, 
1987;  Fredelius  and  Wersall,  1992).  More  recently,  Chang  and  Norton  (1996)  reported  that 
an  intermittent  noise  exposure  caused  less  reductions  in  DPOAE  amplitudes  than  a  continuous 
noise  exposure,  a  finding  similar  to  that  found  in  the  present  study.  Thus,  it  is  quite  possible 
that  the  quiet  periods  within  the  interrupted  exposure  acted  to  minimize  noise-induced  hair 
cell  damage  and  were  responsible  for  the  significantly  smaller  reductions  in  the  DPOAE 
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amplitudes  (when  compared  to  the  continuous  exposure)  observed  in  this  study. 

4.2  Did  prior  sound  conditioning  provide  protection  against  the  damaging  effects  of  the 
traumatizing  noise  exposure? 

4 2.1  Continuous  sound  conditioning 

The  overall  effect  of  the  continuous  sound  conditioning  protocol  seemed  to  render  the 
auditory  system  more  susceptible  to  the  traumatizing  noise  exposure.  The  lack  of  protection 
demonstrated  here  could  possibly  be  related  to  the  fact  that  the  moderate-level  continuous 
conditioning  exposure  chosen  for  study  may  have,  by  itself,  been  enough  to  cause  irreversible 
damage  to  the  outer  hair  cells,  thus  precluding  the  possibility  of  providing  protection  against 
the  damaging  effects  of  the  subsequent  traumatizing  exposure.  It  has  been  suggested  that 
protection  against  subsequent  noise  trauma  may  be  less  likely  to  occur  in  the  presence  of  a 
threshold  shift  induced  by  the  sound  conditioning  exposure  (Canlon  et  al,  1992;  Ryan  et  al., 
1994;  Canlon  and  Fransson,  1995).  However,  when  a  group  of  sound  conditioned  animals 
was  tested  after  a  one  week  rest  period,  DPOAE  responses  were  comparable  to  those  found  in 
normal  animals  (data  not  shown). 

4.2.2  Interrupted  sound  conditioning 

Sound  conditioning  with  the  interrupted  protocol  prior  to  exposure  to  the  traumatic 
noise  exposure  produced  a  dual  effect  on  the  DPOAE  responses  depending  upon  the  f2  test 
frequency.  The  results  revealed  a  trend  towards  an  increased  susceptibility  to  the 
traumatizing  noise  exposure  in  the  sound  conditioned  animals  in  the  lower  test  frequency 
range  (f2  =  707-2000  Hz)  and  some  degree  of  protection  in  the  test  frequency  range  spanning 
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f2  frequencies  of  2828-11312  Hz.  This  pattern  of  protection  has  not  been  previously  reported. 
The  frequency-related  pattern  of  protection  reported  by  other  investigators  usually  shows  that 
there  is  significant  protection  afforded  by  prior  sound  conditioning  with  an  interrupted 
protocol  within  the  frequency  region  of  the  exposure  band  which  extends  to  higher 
frequencies  (Campo  et  al.,  1991;  Henderson  et  al.,  1992;  Subramaniam  et  al.,  1992,  1993). 
The  lack  of  protection  demonstrated  in  this  study  for  the  lower  frequency  region  (coinciding 
with  the  noise  exposure  band)  could  possibly  be  related  to  the  fact  that  the  moderate-level 
interrupted  conditioning  noise  used  may  have,  by  itself,  caused  irreversible  damage  to  the 
outer  hair  cells  within  this  frequency  region.  Permanent  damage  to  the  cells  within  this 
region  of  the  cochlea  may  have  precluded  the  protective  role  of  the  sound  conditioning 
exposure,  and  rendered  the  auditory  system  more  susceptible  to  the  deleterious  effects  of 
subsequent  noise  trauma.  However,  as  for  the  continuous  conditioning  protocol,  DPOAE 
responses  were  comparable  to  those  found  in  normal  animals  when  measurements  were  taken 
after  a  one  week  rest  period  (data  not  shown). 

4.2.3  Comparison  of  the  effects  of  the  traumatizing  noise  exposure  on  the  DPOAE 
responses  of  animals  conditioned  with  continuous  vs.  interrupted  moderate-level  noise  - 
Was  either  sound  conditioning  protocol  more  protective? 

The  primary  purpose  of  this  study  was  to  test  the  hypothesis  that  differences  exist  in 
the  amount  of  protection  provided  by  prior  sound  conditioning  with  continuous  versus 
interrupted  moderate-level  noise  of  equal  acoustic  energy.  The  results  suggest  that  overall, 
there  were  significant  differences  in  the  degree  of  protection  provided  by  prior  sound 
conditioning  with  continuous  vs.  interrupted  schedules  of  moderate-level  noise  of  equal 
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acoustic  energy.  It  appears  that  interrupted  sound  conditioning  provided  more  protection 
against  the  damaging  effects  of  the  subsequent  traumatic  exposure  than  continuous  sound 
conditioning.  While  no  definite  frequency  regions  were  identified  demonstrating  that 
continuous  sound  conditioning  was  either  helpful  or  harmful  in  protecting  against  the 
subsequent  traumatic  noise  exposure,  the  effectiveness  of  the  interrupted  sound  conditioning 
protocol  in  providing  protection  was  highly  frequency-dependent.  In  the  frequency  range 
encompassing  the  noise  exposure  band  and  extending  down  to  Vfe  octave  below  the  lower 
cutoff  frequency,  neither  sound  conditioning  exposure  was  effective  in  providing  protection 
against  the  subsequent  traumatizing  exposure.  However,  when  the  frequencies  of  f2 
generating  the  DPOAEs  were  limited  to  the  frequency  region  above  that  of  the  noise  exposure 
band,  the  results  indicate  that  some  degree  of  protection  was  afforded  by  the  interrupted 
sound  conditioning  protocol.  Although  there  have  been  other  attempts  to  compare  the 
effectiveness  of  the  two  different  schedules  of  moderate-level  conditioning  noise  (Fowler  et 
ah,  1995;  White  et  al.,  1996),  neither  demonstrated  any  degree  of  protection  against 
subsequent  traumatic  exposure. 

5.  Summary  and  Conclusions 

Both  continuous  and  interrupted  schedules  of  moderate-level  noise  have  been  shown  to 
be  effective  in  providing  protection  against  the  damaging  effects  of  subsequent  noise  trauma. 
The  results  of  the  present  study  again  support  the  protective  role  of  an  interrupted  sound 
conditioning  exposure  protocol.  However,  unlike  the  findings  of  other  studies  using  similar 
conditioning  protocols  (Campo  et  ah,  1991;  Henderson  et  al.,  1992;  Subramamam  et  al., 
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1993),  the  effectiveness  of  the  interrupted  moderate-level  noise  exposure  in  providing 
protection  was  highly  frequency-dependent,  limited  only  to  the  frequency  region  above  that  of 
the  noise  exposure  band.  In  addition,  while  other  investigators  have  demonstrated  the 
protective  role  of  continuous  sound  conditioning  (Canlon  et  ah,  1988,  1992;  Ryan  et  al.,  1994; 
Canlon  and  Fransson,  1995),  the  results  of  this  study  do  not  support  their  findings. 
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Fig.  1.  The  effect  of  sound  conditioning  on  DPOAE  responses.  DPOAE  amplitude  growth 
functions  obtained  from  the  Continuous  Conditioning  Group  and  the  Interrupted  Conditioning 
Group  are  plotted  along  with  the  functions  of  the  Aged  Normal  Group  for  f2  frequencies  of 
707,  1000,  1414,  2000,  2828,  4000,  5656,  8000,  and  11,312  Hz.  Data  are  presented  as  mean 
DPOAE  amplitude  ±  S.E.  as  a  function  of  primary  level  (20-70  dB  SPL). 

Fig.  2.  Comparison  of  the  effects  of  the  continuous  and  interrupted  conditioning  exposures 
on  normal  DPOAE  responses.  Data  were  derived  by  subtracting  the  mean  DPOAE 
amplitudes  of  (top)  the  Continuous  Conditioning  Group  and  (bottom)  the  Interrupted 
Conditioning  Group  (bottom)  from  the  mean  DPOAE  amplitudes  of  the  Aged  Normal  Group 
(from  Fig.  1).  Data  are  presented  as  the  mean  amplitude  difference  (in  dB)  plotted  as  a 
function  of  f2  frequency  (707-11,312  Hz)  for  several  different  primary  intensity  levels  (40-70 
dB  SPL;  inset).  Positive  excursions  from  zero  represent  the  magnitude  of  the  DPOAE 
amplitude  reductions  induced  by  the  conditioning  exposures,  whereas  negative  excursions 
show  where  the  magnitude  of  the  responses  were  actually  larger  in  the  noise  exposed  groups 
than  in  the  normal  group. 

Fig.  3.  The  effect  of  the  traumatizing  noise  exposure  on  DPOAE  responses  of  unconditioned 
and  sound  conditioned  animals.  DPOAE  amplitude  growth  functions  obtained  from  the  Blast 
Only  Group,  the  Continuous  Conditioning  then  Blast  Group,  and  the  Interrupted  Conditioning 
then  Blast  Group  are  plotted  along  with  the  functions  of  the  Aged  Normal  Group  for  f2 
frequencies  of  707,  1000,  1414,  2000,  2828,  4000,  5656,  8000,  and  11,312  Hz.  Data  are 
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presented  as  mean  DPOAE  amplitude  ±  S.E.  as  a  function  of  primary  level  (20-70  dB  SPL). 

Fig.  4.  Comparison  of  the  effects  of  the  traumatizing  noise  exposure  on  the  DPOAE 
responses  of  unconditioned  vs.  sound  conditioned  animals.  Data  were  derived  by  subtracting 
the  mean  DPOAE  amplitudes  of  (top)  the  Continuous  Conditioning  then  Blast  Group  and 
(bottom)  the  Interrupted  Conditioning  then  Blast  Group  from  the  mean  DPOAE  amplitudes  of 
the  Blast  Only  Group  (from  Fig.  3).  Data  are  presented  as  the  mean  amplitude  difference  (in 
dB)  plotted  as  a  function  of  f2  frequency  (707-11,312  Hz)  for  several  different  primary 
intensity  levels  (40-70  dB  SPL;  inset).  Positive  excursions  from  zero  represent  where  sound 
conditioning  acted  to  enhance  the  DPOAE  amplitude  reductions  of  the  traumatic  noise 
exposure.  Negative  excursions  from  zero  show  where  the  magnitudes  of  the  DPOAE 
responses  were  actually  larger  in  the  sound  conditioned  groups  than  in  the  unconditioned 
group  (i.e.,  protection). 


12  h\mi 


& 


ii  § 


l^s 

s 


§11:1=1 


Aged  Normal  —  Continuous  Conditioning 


i 

0.707k  Ik  1.4k  2k  2.8k  4k  5.6k  8k  11.3k 

Frequency 


PI 

|2  S 
1 2  § 
1 2  § 
12  S 
1 2  § 
1 2  S 

y  ^ 


Ii 

i 

i 


40  dB 
45  dB 
50  dB 
55  dB 
60  dB 
65  dB 
70  dB 


Aged  Normal-  Interrupted  Conditioning 


0.707k  Ik  1.4k  2k  2.8k  4k  5.6k  8k  11.3k 

Frequency 


707  Hz 


1000  Hz 


f2=1414  Hz 

.#  AgedNorm 
♦  Interrupted&Blast 
□  Continuous&Biast 
■  ■  Blast  Only 


/7 


20  30  40  50  60  70  20  30  40  50  60  70  20  30  40  50  60  70 


f2  =  2000  Hz 


f2  =  2828  Hz 


f2=4000  Hz 


/a 

/£ 


20  30  40  50  60  70  20  30  40  50  60  70  20  30  40  50  60  70 


f2  =  5656  Hz 


f  =8000  Hz 


f2=1  1  312  Hz 


/ J 


(n  =  14/group) 


20  30  40  50  60  70  20  30  40  50  60  70  20  30  40  50  60  70 

Primary  Level  (dB  SPL) 


0.707k  Ik  1.4k  2k  2.8k  4k  5.6k  8k  11.3k 


Frequency 


Appendix  #7 
DAMD17-93-V-3013 
Bobbin  and  Berlin 


ELSEVIER 


HEdRUC 

RESEARCH 


Hearing  Research  110  (1997)  87-94 


Differences  in  the  distribution  of  responses  to  ATP  and  acetylcholine 
between  outer  hair  cells  of  rat  and  guinea  pig 

Chu  Chen,  Christopher  LeBlanc,  Richard  P.  Bobbin  * 

Kresge  Hearing  Research  Laboratory  of  the  South,  Department  of  Otorhinolaryngology  and  Biocommunication, 

Louisiana  State  University  Medical  Center,  2020  Gravier  Street.  Suite  A,  New  Orleans.  LA  70112-2234.  USA 

Received  16  December  1996;  revised  10  April  1997;  accepted  16  April  1997 


Abstract 

Adenosine  5'  triphosphate  (ATP)  and  acetylcholine  (ACh)  are  neurotransmitters  (ACh)  and/or  modulators  (ATP)  in  the 
mammalian  cochlea.  In  guinea  pig.  it  appears  that  both  neurotransmitters  have  a  similar  response  distribution,  with  larger  responses 
being  evoked  by  the  ligands  in  short  hair  cells  compared  to  long  hair  cells  (e.g„  Chen  et  al.,  1995b.  Noise  exposure  alters  the  response 
of  outer  hair  cells  to  ATP.  Hear.  Res.  88,  215-221.;  Erostegui  et  al.,  1994.  In  vitro  pharmacologic  characterization  of  a  cholinergic 
receptor  on  outer  hair  cells.  Hear.  Res.  74,  135-147).  The  purpose  of  the  present  study  was  to  test  whether  the  distribution  of 
responses  to  ACh  and  ATP  in  the  OHCs  of  rat  is  the  same  as  guinea  pig.  The  ligand-induced  current  was  monitored  using  the  whole¬ 
cell  configuration  of  the  patch-clamp  technique.  Results  show  that  in  guinea  pig  OHCs,  extracellular  application  of  100  PM  ATP 
induced  a  current  response  in  a  majority  of  the  same  cells  that  responded  to  the  application  of  100  pM  ACh.  In  contrast  in  rat  OHCs, 
100  U.M  ATP  did  not  induce  a  current  in  the  majority  of  cells  that  responded  to  the  application  of  100  pM  ACh.  /V-methyl-glucamine 
(NMG+)  substituted  for  K+  in  the  pipette  solution  failed  to  unmask  an  ATP-evoked  inward  current  in  rat  OHCs.  In  addition,  no 
response  was  produced  in  rat  or  guinea  pig  OHCs  by  adenosine,  adenosine  5'-monophosphate  (AMP)  or  adenosine  5'-diphosphate 
(ADP)  at  100  pM.  Results  suggest  that  in  guinea  pig  ACh-gated  channels  are  present  on  most  of  the  same  OHCs  that  have  ATP- 
gated  ion  channels,  whereas  in  rat  ACh-gated  ion  channels  are  present  without  ATP-gated  channels  on  some  OHCs. 

Keywords:  Receptor;  Cochlea;  Ion  channel;  Voltage-clamp 


1.  Introduction 

Adenosine  5'-triphosphate  (ATP)  has  been  sug¬ 
gested  to  subserve  both  neurotransmitter  and  neuro¬ 
modulator  functions  in  a  number  of  neuronal  systems 
(see  review:  Burnstock,  1990).  At  least  five  types  of 
ATP  receptors  have  been  identified  based  on  physio¬ 
logical  and  pharmacological  characteristics  (Kennedy 
and  Leff,  1995).  Both  ligand  gated  (ionotropic)  and 
G  protein  coupled  (metabotropic)  ATP  receptors 
have  been  cloned  (Lustig  et  al.,  1993;  Webb  et  al., 
1993;  Brake  et  al.,  1994;  Filtz  et  al.,  1994;  Valera  et 
al.,  1994;  Housley  et  al.,  1995a,b;  Surprenant  et  al., 
1995;  Collo  et  al.,  1996). 
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Increasing  evidence  has  shown  that  ATP  may  act  as 
a  neurotransmitter  or  neuromodulator  in  the  mamma¬ 
lian  cochlea  (Bobbin,  1996;  Eybalin,  1993).  In  vivo 
experiments  of  Bobbin  and  Thompson  (1978)  and  Ku- 
jawa  et  al.  (1994a)  show  that  ATP  and  related  ago¬ 
nists  (e.g.,  ATP-y-S)  placed  in  the  perilymph  compart¬ 
ment  have  significant  effects  on  the  compound  action 
potential  of  the  auditory  nerve  (CAP),  cochlear  micro¬ 
phonics  (CM),  summating  potential  (SP),  as  well  as 
distortion  product  otoacoustic  emissions  (DPOAEs) 
in  guinea  pigs.  In  subsequent  studies,  it  was  demon¬ 
strated  that  the  ATP  antagonists,  cibacron  blue,  basi- 
len  blue  and  suramin,  exert  profound  influences  on 
sound-evoked  responses,  suggesting  that  endogenous 
release  of  ATP  affects  cochlear  function  via  the  P2 
subtype  of  purinergic  receptors  (Kujawa  et  al.,  1994b). 

In  vitro  studies  indicate  that  ATP  activates  recep- 
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tors  on  several  cells  in  the  cochlea.  ATP  activates  an 
ionotropic  receptor  on  isolated  outer  hair  cells  (OHCs) 
that  induces  inward  cation  currents  (Na+,  Ca2+)  and 
depolarizes  the  cell  membrane  (Ashmore  and  Ohmori, 
1990;  Chen  et  ah,  1995a, b;  Housley  et  al.,  1992;  Ike- 
da  et  al,  1991;  Kakehata  et  al.,  1993;  Kujawa  et  ah, 
1994b;  Nakagawa  et  al.,  1990;  Nilles  et  al,  1994; 
Shigemoto  and  Ohmori,  1990).  ATP  also  activates  a 
metabotropic  receptor  that  increases  intracellular  free 
Ca2^  in  these  cells  (Ashmore  and  Ohmori,  1990;  Ikeda 
et  al.,  1991;  Shigemoto  and  Ohmori,  1990).  Additional 
evidence  for  a  metabotropic  receptor  mechanism  was 
obtained  by  Niedzielski  and  Schacht  (1992)  which 
showed  an  increase  in  ionositol  phosphate  accumula¬ 
tion  in  guinea  pig  organ  of  Corti  following  incubation 
with  ATP  agonists  (see  also  Ogawa  and  Schacht,  1993, 
1994,  1995).  A  heterogeneous  modulation  of  L-type 
Ca2+  channel  currents  by  ATP  in  OHCs  of  guinea 
pig  cochlea  was  reported  (Chen  et  al.,  1995a).  Activa¬ 
tion  of  ATP  receptors  increases  intracellular  Ca2+  lev¬ 
els  in  IHCs  (Dulon  et  al.,  1991),  Deiters’  cells  (Dulon 
et  al.,  1993)  and  Hensen’s  cells  (Dulon  et  al.,  1993) 
and  depolarizes  both  Deiters’  cells  (Dulon,  1995)  and 
inner  hair  cells  (IHCs;  Dulon  et  al.,  1991).  Wange- 
mann  (1996)  demonstrated  Ca2_h-induced  release  of 
ATP  from  whole  organ  of  Corti.  Other  evidence  dem¬ 
onstrates  that  ATP  induces  changes  in  the  cells  of  the 
stria  vascularis  (Lui  et  al,  1995;  Suzuki  et  al.,  1995; 
Wangemann,  1995),  and  the  origin  of  the  endogenous 
ATP  that  acts  on  these  receptors  may  be  the  marginal 
cells  in  the  stria  vascularis  (White  et  al.,  1995).  ATP 
occurs  in  high  concentrations  in  endolymph  (Munoz  et 
al.,  1995a),  and  when  placed  in  the  endolymph,  ATP 
induces  large  changes  in  cochlear  function  (Munoz  et 
al.,  1995b).  Thus  ATP  appears  to  have  an  important 
paracrine  and/or  autocrine  role  in  the  cells  of  the 
cochlea. 

In  .the  guinea  pig,  it  appears  that  the  neurotrans¬ 
mitters,  ATP  and  acetylcholine  (ACh),  both  have  a 
similar  response  distribution,  with  larger  responses 
being  evoked  by  the  ligands  in  short  hair  cells 
compared  to  long  hair  cells  (e.g.,  Chen  et  al.,  1995b; 
Erostegui  et  al.,  1994;  Housley  et  al.,  1995b).  This 
distribution  of  the  ACh  evoked  response  is  in  har¬ 
mony  with  the  anatomical  data  indicating  a  decreasing 
density  of  cholinergic  efferent  terminals  on  OHCs 
from  the  basal  turn  of  the  cochlea  towards  the  apical 
turn  in  guinea  pig  and  rat  (Altschuler  and  Fex,  1986; 
Eybalin,  1993).  Therefore,  the  purpose  of  the  present 
study  was  to  determine  if  the  distribution  of  responses 
to  ATP  and  ACh  in  OHCs  of  rat  is  the  same  as 
guinea  pig.  The  ligand  induced  current  was  monitored 
using  the  whole-cell  configuration  of  the  patch-clamp 
technique.  Preliminary  results  have  been  presented 
(Chen  et  al.,  1996b). 


2.  Materials  and  methods 

2.1.  Isolation  of  OHCs  and  Deiters '  cells 

OHCs  and  Deiters’  cells  from  37  pigmented  guinea 
pigs,  56  Sprague  Dawley  rats  and  9  pigmented  Long 
Evans  rats  were  isolated  as  described  previously  (Zajic 
and  Schacht,  1987;  Chen  et  al.,  1995a, b).  Unless  stated 
otherwise,  the  data  presented  from  rat  are  from  the 
Sprague  Dawley  strain.  Animals  were  anesthetized 
with  pentobarbital  (35  mg/kg,  i.p.  for  guinea  pigs  and 
50  mg/kg,'  i.p.  for  rats),  decapitated,  and  the  bulla  sep¬ 
arated  and  placed  in  a  modified  Hank’s  balanced  saline 
(HBS).  The  bone  surrounding  the  cochlea  was  removed, 
and  the  organ  of  Corti  was  placed  in  200  pi  of  HBS 
containing  collagenase  (1  mg/ml,  Type  IV,  Sigma)  for 
5  min.  The  cells  were  then  transferred  into  the  dishes 
containing  a  150  pi  drop  of  HBS  using  a  microsyringe 
and  stored  at  room  temperature.  The  length  of  each  cell 
was  measured  with  a  calibrated  reticulum  prior  to  re¬ 
cording. 

2.2.  Whole-cell  voltage  clamp 

Single  dispersed  rat  or  guinea  pig  OHCs  and  Deiters’ 
cells  were  voltage  or  current  clamped  using  the  whole¬ 
cell  variant  of  the  patch-clamp  technique  (Hamill  et  al., 
1981)  with  an  Axopatch-ID  patch-clamp  amplifier 
(Axon  Instruments).  Patch  electrodes  were  fabricated 
from  borosilicated  capillary  tubing  (Longreach  Scien¬ 
tific  Resources)  using  a  micropipette  puller  (Sutter  In¬ 
strument  Co.),  and  fire  polished  on  a  microforge  (Na- 
rashige  Scientific  Instrument  Lab.)  prior  to  use. 
Membrane  currents  were  filtered  at  5  KHz  (— 3dB) 
using  a  four-pole  low-pass  Bessel  filter  digitized  with  a 
12-bit  A/D  converter  (DMA  Interface,  Axon  Instru¬ 
ments),  and  stored  for  off-line  analysis  using  a  pentium 
microcomputer.  Voltage  paradigms  were  generated 
from  a  12-bit  D/A  converter  (DMA  Interface,  Axon 
Instruments)  using  pClamp  software  (Axon  Instru¬ 
ments).  After  establishment  of  the  whole-cell  configura¬ 
tion,  series  resistance  and  cell  capacitance  compensation 
were  carried  out  prior  to  recording  with  80%  series 
resistance  compensation  normally  applied.  As  reported 
previously  (Chen  et  al.,  1996a),  for  rat  and  guinea  pig 
OHCs  whole-cell  capacitance  was  about  20-25  pF  and 
series  resistance  was  about  5.4  MQ.  No  subtraction  of 
leakage  current  was  made. 

2.3.  Solutions 

The  HBS  utilized  for  isolating  cells  and  perfusing  the 
bath  contained  (mM):  T45  NaCl,  5.4  KC1,  2.5  CaCl2, 
0.5  MgCl2,  10  HEPES  and  10  glucose.  The  HBS  solu¬ 
tion  was  adjusted  to  a  pH  of  7.40  with  NaOH  and  to 
300  mOsm/kg  H20  with  sucrose.  The  K+  internal  so- 
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lution  (solution  filling  the  patch  pipettes)  contained 
(mM):  140  KC1,  0.5  MgCl2,  5  HEPES,  11  EGTA, 
0.1  CaCl2,  2  Na2ATP  and  0.1  Na2GTP.  The  V-methyl- 
glucamine  (NMG+)  internal  solution  contained  (mM): 
120  NMG+,  35  TEA-C1,  11  EGTA,  0.5  CaCl2, 
10  HEPES,  4  MgATP,  0.1  Na2GTP  and  5  sucrose. 
Both  internal  solutions  were  adjusted  to  a  pH  of  7.35 
with  HC1  and  had  an  osmolality  of  284  mOsm/kg  H20 
which  was  adjusted  with  sucrose.  The  ATP  and  its  re¬ 
lated  agonists  tested  were  prepared  daily  at  desired  con¬ 
centrations  in  the  HBS  external  solution.  The  drugs 
used  were:  ATP,  adenosine  5'-0-(3-thiotriphosphate) 
tetralithium  salt  (ATP-y-S),  adenosine  5 '-diphosphate 
(ADP),  adenosine  5'-monophosphate  (AMP),  adenosine 
(Adeno)  and  acetylcholine  (ACh).  All  the  drugs  were 
purchased  from  Sigma  Chemical  Company  (St.  Louis, 
MO).  All  the  drug  solutions  were  delivered  from  a  U- 
tubing  system  as  described  previously  (Erostegui  et  al., 


1994;  Chen  et  al.,  1995a, b).  All  experiments  were  con¬ 
ducted  at  room  temperature  (22  ~  24°C).  The  care  and 
use  of  the  animals  reported  on  in  this  study  were  ap¬ 
proved  by  the  Animal  Care  and  Use  Committees  of 
Louisiana  State  University  Medical  Center. 


3.  Results 

3.1.  Effects  of  ATP  on  rat  and  guinea  pig  OHCs 

Our  laboratory  previously  reported  (Chen  et  al., 
1996a)  that  the  average  length  of  the  rat  OHCs  studied 
were  shorter  (mean,  32  pm)  than  those  from  guinea  pig 
(mean,  48  pm),  and  that  there  was  no  significant  dif¬ 
ference  in  the  resting  membrane  potential  of  the  rat 
OHCs  (mean,  -66  mV)  compared  to  guinea  pig  (about 
—69  mV). 


0  mV 


Fig.  1.  A:  Superimposed  siep-e.ok.d  c„rre»,s  recorded  from  .  nr.  OHC 

i§§§ 

STo of  "60  mV  wi,h  steps  presented  every  sec_ 

ond.  Drug  was  applied  for  20  step  presentations.  Recovery  but  not  wash-out  is  shown. 
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Rat 


Guinea  pig 


Fig.  2.  A:  Current-voltage  ( I-V)  relationships  recorded  from  a  rat  outer  hair  cell  (OHC)  in  the  absence  and  presence  of  100  pM  ATP.  B:  I-V 
curves  recorded  from  a  guinea  pig  OHC  in  the  absence  and  presence  of  100  uM  ATP.  The  voltage  command  was  ramped  from  —150  mV  to 
+60  mV  (0.5  mV/ms).  Membrane  potential  was  held  at  -60  mV. 


In  guinea  pigs,  very  long  OHCs  were  not  studied, 
since  they  do  not  respond  to  either  ACh  or  ATP  with 
large  currents  (Chen  et  al.,  1995a;  Erostegui  et  al., 
1994).  In  contrast,  all  rat  OHCs  that  met  criteria  (cy¬ 
lindrical  shape,  no  swelling,  nucleus  at  the  base  of  the 
cell,  no  Brownian  motion  of  the  organelles)  were 
studied.  Both  ACh  and  ATP  at  100  pM,  a  concentra¬ 
tion  which  is  near  the  maximum  on  their  respective 
dose  response  curves,  were  applied  to  the  majority  of 
OHCs  isolated  from  rat  and  guinea  pig.  Fig.  1  shows 
that  100  juM  ACh  evoked  an  inward  current  at 
—  100  mV  and  an  outward  current  at  0  mV  in  OHCs 
of  both  rat  ( n  =  64  out  of  67  cells  tested)  and  guinea  pig 
{n~  56,  out  of  58  tested).  In  contrast,  100  pM  ATP 
(«  =  40)  evoked  a  current  response  in  only  two  out  of 
40  of  the  rat  OHCs  tested  that  responded  to  ACh 
(33  pM  to  1  mM;  n  =  40),  but  ATP  (100  pM)  evoked 
a  current  response  in  42  of  the  45  guinea  pig  OHCs 
responding  to  ACh  (100  pM).  In  three  additional  rat 
OHCs .  1  mM  ATP  was  tested  and  gave  no  response 
though  the  cells  responded  to  ACh  (100  pM).  The 
two  rat  OHCs  that  responded  to  ATP  were  shorter 
than  average  (20  and  25  pm),  however,  5  additional 
ceils  of  the  same  length  did  not  respond  to  ATP.  Fig. 
2  illustrates  the  lack  of  effect  of  ATP  on  the  current- 
voltage  ( I-V)  relationship  in  OHCs  from  rat  (Fig.  2 A) 
and  the  large  increase  in  inward  current  induced  by 
ATP  in  OHCs  from  the  guinea  pig  as  reported  previ¬ 
ously  (Fig.  2B;  Chen  et  al,  1995a,b).  The  large  outward 
current  obtained  in  response  to  the  application  of  ATP 
in  Fig.  2B  is  related  to  the  time  ATP  is  in  contact  with 
the  cell  as  demonstrated  by  the  slowly  developing  ATP- 
induced  outward  current  shown  in  Fig.  3  (guinea  pig). 
A  possible  explanation  is  that  an  ATP-induced  increase 


in  internal  Ca2~  subsequently  activates  a  Ca2^  depend¬ 
ent  outward  KT  current. 

3.2.  Effects  of  ion  substitution 

The  ATP-induced  current  is  a  cation  current  that  is 
usually  directed  inward  at  potentials  negative  to  0  mV 
(Chen  et  al.,  1995b;  Nakagawa  et  al.,  1990).  The  cur¬ 
rent  is  carried  by  Na+  and  Ca2+  (Nakagawa  et  ah, 
1990).  There  is  the  possibility  that  a  Ca  2+  activated, 
outward  current  masks  the  ATP-evoked  inward 
current  in  rat  OHCs.  Therefore,  to  prevent  an  outward 
K+  current,  NMG+  was  substituted  for  K+  in  the  pi¬ 
pette.  However,  even  under  these  conditions,  ATP 
(100  pM)  failed  to  induce  a  detectable  inward  current 
in  rat  OHCs  (/i  =  4). 

3.3.  Effects  of  ATP  analogues 

It  is  possible  that  the  ionotropic  ATP  receptor  on  rat 
OHCs  may  have  a  different  pharmacology  than  the 
receptor  on  guinea  pig  OHCs.  Therefore,  we  tested 
the  effects  of  ADP,  AMP  and  adenosine.  As  shown  in 
Fig.  3,  at  a  concentration  of  100  pM  these  agents  did 
not  induce  any  detectable  current  response  in  OHCs 
from  either  guinea  pig  or  rat  (guinea  pig  OHCs: 
ADP,  n-  9;  AMP,  «  =  7;  adenosine,  /?  =  12;  rat 
OHCs:  ADP,  n~  8;  AMP,  n-  6;  adenosine,  n-  6). 
Due  to  the  fact  that  ATP  breakdown  is  relatively  fast, 
we  employed  a  more  slowly  hydrolyzable  ATP  analog, 
ATP-y-S,  to  test  whether  there  is  an  ATP-induced  cur¬ 
rent  in  rat  OHCs.  As  shown  in  Fig.  4,  extracellular 
application  100  pM  ATP-y-S  did  not  induce  a  detect¬ 
able  current  response  in  OHCs  isolated  from  rat  ( n  =  6), 


C.  Chen  et  ait  Hearing  Research  110  (1997)  87-94 


91 


Guinea  pig 


(sec) 


Fig.  3.  Examples  of  the  current  responses  of  a  rat  OHC  (A)  and  a  guinea  pig  OHC  (B)  to 
ACh.  Voltage  protocol  and  trace  construction  was  the  same  as  in  Fig.  2.  Drug  application 


the  application  of  adenosine,  AMP,  ADP,  ATP  and 
is  indicated  by  the  bars  and  all  drug  concentrations 


were  100  jiM. 


but  did  elicit  an  inward  current  in  OHCs  (n  4)  isolated 
from  guinea  pig  (Fig.  3D). 

3.4.  Effects  of  ATP  on  Deiters’  cells 

Another  explanation  for  ATP  not  inducing  a  detect¬ 
able  current  in  a  larger  proportion  of  rat  OHCs  is  that 
the  isolation  procedure  was  generally  destructive  to  li¬ 
gand  receptors.  However,  ATP  (10  |iM)  evoked  a  large 
inward  current  that  was  rapidly  desensitized  in  Deiters’ 
cells  isolated  from  the  cochleae  of  both  rat  ( n  —  7)  and 
guinea  pig  ( n  =  7;  Fig.  5).  In  vivo,  Deiters  cells  are 
attached  to  the  OHCs  and,  although  their  ionotropic 
ATP  receptors  may  be  slightly  different,  one  would  ex¬ 


pect  that  any  degradation  induced  by  the  isolation  pro¬ 
cedure  would  affect  both  receptors  to  the  same  extent. 

3.5.  Effects  of  pigmentation  or  strain 

To  test  for  a  relationship  between  the  ATP-evoked 
current  response  and  the  degree  of  pigment  in  the  rat  or 
strain  of  rat,  OHCs  were  obtained  from  9  pigment¬ 
ed  rats  (Long  Evans).  ATP  (100  |uM)  did  not  evoke 
a  detectable  current  in  nine  of  the  OHCs  tested, 
but  seven  of  these  cells  did  demonstrate  a  typical 
current  change  in  response  to  the  application  of 
100  |iM  ACh.  Two  cells  did  not  respond  to  either 
ATP  or  ACh. 
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Fig.  4.  Example  of  the  absence  of  a  detectable  current  response  from  a  rat  OHC  at  —100  mV  during  extracellular  application  of  100  pM  ATP 
(A)  or  from  another  rat  OHC  to  100  pM  ATP-y-S  (B).  Examples  of  guinea  pig  OHCs  elicited  a  current  response  at  -100  mV  during  extracel¬ 
lular  application  of  100  pM  ATP  (C)  or  from  another  OHC  100  pM  ATP-y-S  (D).  Current  was  elecited  by  a  70  ms  hyperpolaring  step  to 
—  100  mV  from  a  holding  potential  of  —60  mV  with  steps  presented  every  second.  Drug  was  applied  for  20  or  30  step  presentations  and  recov¬ 
ery  but  not  wash-out  is  shown. 


4.  Discussion 

Anatomical  data  indicates  a  decreasing  density  of 
cholinergic  efferent  terminals  on  OHCs  from  the  basal 
turn  of  the  cochlea  (short  OHCs)  towards  the  apical 
turn  (long  OHCs)  in  both  rat  and  guinea  pig  (Altschu¬ 
ler  and  Fex,  1986;  Eybalin,  1993).  In  addition,  it  ap¬ 
pears  that  both  ACh  and  ATP  have  a  similar  response 
distribution  in  the  guinea  pig,  with  larger  responses 
being  evoked  by  the  ligands  in  short  hair  cells  com¬ 
pared  to  long  hair  cells  (Chen  et  al.,  1995b;  Erostegui 
et  al.,  1994;  Housley  et  al.,  1995b).  This  was  confirmed 
in  the  present  study  in  that  guinea  pig  OHCs  which 
responded  to  ACh  also  responded  to  ATP.  In  con¬ 
trast,  in  the  present  study,  the  majority  of  rat  OHCs 
that  responded  to  ACh  failed  to  respond  to  ATP 
with  an  inward  current.  This  may  indicate  that  the 
ATP  and  ACh  response  distribution  in  the  rat  is  dif¬ 
ferent  from  the  guinea  pig.  The  rat  may  not  be  unusual 
in  its  lack  of  response  to  ATP  since  similar  observa¬ 
tions  have  been  made  in  chick  short  hair  cells.  As 
shown  here  in  rat  OHC,  chick  short  hair  cells  which 


respond  to  ACh  do  not  respond  to  ATP  (McNiven  et 
al,  1996). 

One  must  be  circumspect  in  attributing  the  lack  of 
ATP-induced  response  to  the  lack  of  ionotropic  recep¬ 
tors,  since  the  absence  of  a  response  in  a  particular  cell 
may  be  due  to  physical  or  chemical  damage  to  the  ATP 
receptors.  Investigators  have  suggested  that  the  iono¬ 
tropic  receptor  on  OHCs  is  located  near  the  stereocilia 
portion  of  the  cells  (Housley  et  al.,  1992;  Mockett  et 
al.,  1994,  1995).  Stereocilia  are  delicate  structures  and 
are  easily  damaged  during  the  physical  isolation  of  the 
OHCs.  Thus  the  lack  of  response  to  ATP  may  be  due  to 
some  physical  alteration  in  the  receptors  located  near  or 
on  damaged  stereocilia.  Yet,  this  does  not  seem  to  be 
the  case  with  guinea  pig  OHCs,  which  appear  to  exhibit 
ATP-induced  currents  even  in  OHCs  with  damaged 
stereocilia  (unpublished  observations).  Alternatively, 
the  receptor  may  have  been  damaged  by  collagenase 
or  another  chemical  released  from  the  tissue  during 
the  isolation  procedure.  However,  this  seems  unlikely 
given  the  large  inward  currents  evoked  by  ATP  in  Dei- 
ters’  cells  isolated  from  the  same  rat  cochlea,  indicating 
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that  ATP  receptors  in  Deiters’  cells  were  not  chemically 
altered  into  a  non-functioning  state. 

What  the  results  may  indicate  is  a  functional  differ¬ 
ence  between  rat  OHCs,  chick  short  hair  cells,  and 
suinea  pig  OHCs.  At  present,  one  can  only  speculate 
about  this" possibility.  For  example,  Chen  et  al.  (1995b) 
observed  that  exposing  guinea  pigs  to  low  levels  (64  dB 
SPL)  of  chronic  (10  days)  noise  modified  the  magnitude 


Guinea  pig 


Fig.  5.  Examples  of  an  ATP-induced  inward  current  response  ob¬ 
tained  from  a  rat  Deiters’  cell  (A)  and  a  guinea  pig  Deiters’  cell  (B) 
at  -70  mV.  Current-voltage  (I-V)  relationships  were  recorded  in 
the  absence  and  presence  of  10  pM  ATP.  The  voltage  command  was 
ramped  from  -150  mV  to  +60  mV  (0.5  mV/ms)  and  the  ramp  was 
presented  at  the  rate  of  one  every  second.  Membrane  potential  was 
held  at  —60  mV.  Traces  were  constructed  from  the  current  evoked 
by  the  ramp  utilizing  the  current  value  obtained  at  -70  mV. 


of  the  ATP-induced  current  observed  in  OHCs,  increas¬ 
ing  it  in  long  OHCs  and  decreasing  it  in  short  OHCs.  In 
a  companion  study,  Skellett  et  al.  (1996)  demonstrated 
that  this  same  noise  exposure  resulted  in  a  significant 
reduction  in  DPOAEs.  These  results  suggest  that  ATP 
receptor  proteins  in  the  cochlea  may  behave  similarly  to 
other  receptors  by  being  up-  or  down-regulated  or 
modulated  during  various  physiological  and  environ¬ 
mental  conditions.  The  rat  is  less  sensitive  than  guinea 
pig  to  the  effects  of  intense  sound  (Borg  et  al.,  1995). 
Thus,  the  ionotropic  ATP  receptor  on  OHCs  of  the  rat 
may  be  modulated  or  down-regulated  to  a  great  extent. 
This  mechanism  may  desensitize  the  rat  to  damaging 
effects  of  intense  sounds  in  its  environment. 
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Abstract 


,  . ,  .  .  .  ,}c  and  Deiters’  cells  most  likely  contribute  to  the  generation  of  active  cochlear  mechanics. 

In  the  cochlea,  outer  ai  (  )  endoeenous  ATP  may  have  a  role  in  cochlear  mechanics.  To  explore  this 

The  presence  of  ATP  receptors  on  these  cells  indicates  product  otoacoustic  emissions  (DPO  AEs)  using 

possibility,  the  effects  of  ATP  antagonists  were  s  u h  whole-cell  configuration  of  the  patch-clamp  technique, 
cochlear  perfusion  and  in  vitro  on  isolated  0HC^an^De^rS  OHCs  and  Deiters’  cells  induced  an  inward  current  that  was  reduced 
Results  show  that  extracellular  application  of  5-  ^ATPto  in  Deiters.  ceUs  and  increased  them 

by  both  suramin  (100  jxM)  and  cibacron  (100  pN  ).  .  ,  ,  hvnernolarizin^  shift  of  the  half  activation  voltage  of  the 

»  OHO.  suramin  had  no  quadratic  DPOAE  iha, 

with  moderate  leva,  primaries.  This'effec.  of  suramin  m„  be  evidence  that  endogenous  ATP 

alters  active  cochlear  mechanics. 


Keywords: 


Ion  channel;  Voltage  clamp;  Otoacoustic  emission;  Cibacron  blue;  Suramin;  Deiters’  cells;  Outer  hair  cells 


1.  Introduction 

Adenosine  triphosphate  (ATP)  has  been  suggested  to 
subserve  both  neuro transmitter  and  neuromodulator 
functions  in  a  number  of  neuronal  systems  including 
the  cochlea  (see  reviews:  Bumstock,  1990;  Bobbin, 
1996;  Eybalin,  1993).  Bobbin  and  Thompson  (1978) 
first  suggested  ATP  as  a  candidate  for  a  neuro  transmit¬ 
ter  or  neuromodulator  in  the  cochlea  based  on  its  rel 
ative  potency  in  reducing  the  compound  action  poten¬ 
tial  of  the  auditory  nerve.  Kujawa  et  al.  (1994a) 
demonstrated  that  ATP-y-S,  an  analogue  of  ATP  that 
is  not  rapidly  metabolized,  was  one  of  the  most  potent 
compounds  studied  in  affecting  cochlear  potentials 
when  instilled  into  the  perilymph  compartment  of  guin¬ 
ea  pig  cochleas.  ATP  and  some  of  the  other  analogues 
tested  (e.g.  2-methylthio-ATP)  were  less  effective  prob- 
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ably  because  they  were  rapidly  metabolized  (Kujawa  et 
al.,  1994a;  Kennedy  and  Leff,  1995;  Vlajkovic  et  al., 
1996).  Among  the  many  effects  of  ATP-y-S  in  the  coch¬ 
lea  was  that  it  abolished  cubic  distortion  product  oto¬ 
acoustic  emissions  (DPOAEs).  Active  mechanical  trans¬ 
duction  processes  in  the  cochlea  generate  DPOAEs 
(Bobbin,  1996;  Brownell,  1996;  Frank  and  Koss . 
1996).  Therefore,  the  suppression  of  the  DPOAEs  by 
ATP-y-S  suggests  that  activation  of  ATP  receptors  m 
the  cochlea  has  powerful  effects  on  active  cochlear  me- 


lies.  . 

.TP-y-S  most  likely  acts  on  the  ATP  receptors  in 
in  of  Corti  and  not  on  those  in  the  stria  (SuzuJa _e 
1995;  Wangemann,  1995;  White  et  al.,  19  V 
;e  the  drug  had  little  effect  on  the  endocochl 
mtial  (Kujawa  et  al.,  1994a,b).  In  the  organ  o 
DHCs,  inner  hair  cells  and  supporting  cells !  ^ 

jtropic  ATP  receptors  (Ashmore  and  Ohm; 
0;  Chen  et  al.,  1995a,b,  1997;  Dulon  et  al.,  ‘  • 

on,  1995;  Housley  et  al.,  1992;  Kakehata  e 
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Fig.  1.  Effects  of  suramin  (Sur)  on  ATP  gated  and  voltage  activated  currents  in  OHCs.  A:  ATP  (10  ftM)  induced  inward  current  was  sup¬ 
pressed  by  co-application  with  suramin  (100  pM)  and  was  enhanced  when  applied  immediately  after  washing  out  the  co-appiied  drugs  (Vh, 
-60  mV).  B:  Current  traces  recorded  from  an  OHC  in  the  absence  and  presence  of  suramin  (100  pM;  Vh,  —60  mV).  Dotted  lines  represent 
zero  current  level.  C:  Current-voltage  (I-V)  relationships  from  the  same  cell  as  in  B.  The  current  was  measured  10  ms  after  the  onset  of  the 
pulses. 


1993;  Kujawa  et  al.,  1994b;  Nakagawa  et  al.,  1990; 
Nilles  et  al.,  1994;  Sugasawa  et  al.,  1996).  The  active 
movement  of  the  outer  hair  cells  (OHCs)  which  are 
coupled  to  Deiters’  cells  most  likely  produces  DPOAEs 
(Bobbin,  1996;  Brownell,  1996;  Frank  and  Kossl, 
1996).  Therefore  it  is  possible  that  the  actions  of  exog¬ 
enous  ATP  and  related  analogues  on  DPOAEs  are  due 
to  activation  of  these  receptors  on  OHCs  and  Deiters’ 
cells.  In  addition,  tight  junctions  between  the  cells  form¬ 
ing  the  borders  of  scala  media  separate  perilymph  from 
endolymph  (Salt  and  Konishi,  1986)  and  highly  charged 
compounds  such  as  ATP  are  unlikely  to  penetrate 
through  these  junctions.  Thus,  if  the  ATP  receptors 
on  OHCs  are  on  the  endolymph  side  of  the  OHCs  as 
suggested  by  others  (Housley  et  al.,  1992;  Mockett  et 
al.,  1994,  1995;  Munoz  et  al.,  1995a, b),  the  effects  of 
ATP  and  ATP  agonists  placed  in  perilymph  must  be 
due  to  their  actions  on  cells  other  than  OHCs,  such 
as  Deiters’  cells. 

The  results  with  agonists  applied  to  the  cochlea 
present  evidence  as  to  the  effects  of  activation  of  ATP 


receptors  but  do  not  demonstrate  that  endogenous  ATP 
has  a  similar  role  in  normal  physiological  function.  To 
demonstrate  the  role  of  endogenous  neuromodulators 
or  neurotransmitters,  pharmacologists  have  traditional¬ 
ly  relied  on  testing  whether  antagonists  block  the  phys¬ 
iological  response.  If  the  antagonist  blocks  the  re¬ 
sponse,  then  this  satisfies  one  criterion  in  proving  that 
the  physiological  response  is  due  to  that  substance  (e.g. 
Bobbin  et  al.,  1985).  Kujawa  et  al.  (1994b)  demon¬ 
strated  that  the  ATP  antagonist  cibacron  blue  (ciba- 
cron;  Collo  et  al.,  1996;  Bumstock  and  Warland, 
1987)  abolished  the  cubic  DPOAE.  In  contrast  suramin, 
another  ATP  antagonist,  had  no  effect  on  this  DPOAE. 
The  results  with  cibacron  may  be  interpreted  as  prelimi¬ 
nary  evidence  that  cibacron  blocked  the  actions  of  en¬ 
dogenous  ATP  at  receptors  on  cells  in  the  organ  of 
Corti,  such  as  Deiters’  cells,  which  prevented  the  pro¬ 
duction  of  normal  DPOAEs. 

On  the  other  hand,  the  lack  of  effect  of  suramin  on 
the  cubic  DPOAE  may  be  taken  as  evidence  that  ciba¬ 
cron  had  effects  other  than  blockade  of  ATP  receptors 
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Fig.  2.  Effects  of  suramin  (Sur)  on  ATP  gated  and  voltage  activated  currents  in  Deiters'  cells.  A:  ATP  (5  p,M)  induced  inward  current  was  sup¬ 
pressed  by  co-application  with  suramin  (100  p.M)  and  was  enhanced  when  applied  immediately  after  washing  out  the  co-applied  drugs  (Vh, 
—  80  mV).  B:  Current  traces  recorded  from  a  Deiters’  cell  in  the  absence  and  presence  of  suramin  (100  |iM;  Vh,  —80  mV).  C:  Current-voltage 
(I-V)  relationships  were  constructed  from  the  steady  state  (Ss)  and  instantaneous  (In)  values  measured  at  the  arrows  indicated  in  B. 


(Kujawa  et  al.,  1994b).  To  date  there  are  only  a  few 
studies  that  have  examined  the  pharmacology  of  ATP 
agonists  or  antagonists  at  the  level  of  the  single  cells  in 
the  organ  of  Corti  (Nakagawa  et  al.,  1990;  Sugasawa  et 
al.,  1996).  Therefore,  one  purpose  of  the  present  study 
was  to  test  whether  there  are  pharmacological  effects  of 
cibacron,  other  than  blockade  of  ATP,  that  could  ac¬ 
count  for  the  powerful  effects  of  cibacron  on  the  cubic 
DPOAE. 

In  addition,  we  pursued  further  our  hypothesis  that 
ATP  may  have  a  neuromodulatory  role  in  cochlear  me¬ 
chanics  by  testing  the  effects  of  suramin  on  the  quad¬ 
ratic  DPOAE.  The  quadratic  DPOAE  is  possibly  a 
more  sensitive  indicator  of  active  cochlear  mechanics 
than  the  cubic  DPOAE  (Frank  and  Kossl,  1996).  The 
quadratic  DPOAE  undergoes  complex  time  varying 
changes  in  amplitude  when  monitored  over  minutes 
during  continuous  sound  stimulation  with  moderate 
level  primaries  (Brown,  1988;  Kirk  and  Johnstone, 
1993;  Kujawa  et  al.,  1995,  1996;  Lowe  and  Robertson, 


1995).  The  efferent  neurotransmitters,  acetylcholine  and 
gamma-aminobutyric  acid,  have  been  shown  not  to 
have  a  role  in  this  amplitude  change  (Kujawa  et  al., 
1996;  Kirk  and  Johnstone,  1993;  Lowe  and  Robertson, 
1995).  Therefore,  we  examined  the  effect  of  suramin 
perfusion  of  the  perilymph  compartment  on  the  time 
varying  amplitude  changes  of  the  quadratic  DPOAE. 
Preliminary  results  have  been  presented  (Bobbin  et  al., 
1997). 


2.  Methods 

2.1.  In  vitro  procedures 

2.1.1 .  Isolation  of  OHCs  and  Deiters  cells 

OHCs  and  Deiters’  cells  from  pigmented  guinea  pigs 
were  isolated  as  described  previously  (Chen  et  al., 
1995a,b).  Animals  were  anesthetized  with  pentobarbital 
(35  mg/kg,  i.p.),  decapitated,  and  the  bulla  separated 
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Fig.  3.  Cibacron  (Ciba)  suppressed  the  ATP  gated^ntand  increased  whote^I o'ulwld^rrt ^4“ 

s  ^  u.  -  - — -  <->  ™  -  * 

bacron.  The  voltage  command  was  ramped  from  -150  mV  to  +40  mV  (0.38  mV/ms,  h.  m 


and  placed  in  a  modified  Hanks’  balanced  saline  (HBS). 
The  bone  surrounding  the  cochlea  was  removed,  and 
the  organ  of  Corti  was  placed  in  200  pi  of  HBS  con¬ 
taining  collagenase  (1  mg/ml,  Type  IV,  Sigma)  for  5 
min.  The  cells  were  then  isolated  and  transferred  into 
the  dishes  containing  a  150  pi  drop  of  HBS  using  a 
microsyringe  and  stored  at  room  temperature.  The 
length  of  each  cell  was  measured  with  a  calibrated  re¬ 
ticulum  prior  to  recording. 

2.1.2.  Whole-cell  voltage  clamp 

Single  dispersed  guinea  pig  OHCs  and  Deiters  cells 
were  voltage  or  current  clamped  using  the  whole-cell 
variant  of  the  patch-clamp  technique  (Hamill  et  al., 
1981)  with  Axopatch  200A  patch-clamp  amplifiers 
(Axon  Instruments).  Patch  electrodes  were  fabricated 
from  borosilicated  capillary  tubing  (Longreach  Scien¬ 
tific  Resources)  using  a  micropipette  puller  (Sutter  In¬ 
strument  Co.),  and  fire  polished  on  a  microforge  (Na- 
rashige  Scientific  Instrument  Lab.)  prior  to  use. 
Membrane  currents  were  filtered  at  5  kHz  (—3  dB)  us¬ 


ing  a  four-pole  low-pass  Bessel  filter  digitized  with  a  12- 
bit  A/D  converter  (DMA  Interface,  Axon  Instruments), 
and  stored  for  off-line  analysis  using  a  pentium  micro¬ 
computer.  Voltage  paradigms  were  generated  from  a 
12-bit  D/A  converter  (DMA  Interface,  Axon  Instru¬ 
ments)  using  pClamp  software  (Axon  Instruments). 
After  establishment  of  the  whole-cell  configuration,  ser¬ 
ies  resistance  and  cell  capacitance  compensation  were 
carried  out  prior  to  recording  with  80%  series  resistance 
compensation  normally  applied.  No  substraction  of 
leakage  current  was  made. 

2.1.3.  Solutions 

The  HBS  utilized  for  isolating  cells  and  perfusing  the 
bath  contained  (in  mM):  NaCl,  145;  KC1,  5.4,  CaCh, 
2.5;  MgCl2,  0.5;  HEPES,  10;  and  glucose,  10.  The  HBS 
solution  was  adjusted  to  a  pH  of  7.40  with  NaOH  and 
to  300  mOsm/kg  H20  with  sucrose.  The  K+  internal 
solution  contained  (in  mM):  KC1,  140;  MgCl2,  0.5, 
HEPES,  5;  EGTA,  11;  CaCl2,  0.1;  Na2ATP,  2;  and 
Na2GTP,  0.1.  The  internal  solution  was  adjusted  to  a 
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Fig.  4.  Cibacron  (Ciba)  blocked  the  ATP  gated  current  and  inhibited  voltage  dependent  whole  cell  current  in  Deiters’  cells.  A:  ATP  (10  pM) 
induced  inward  current  was  suppressed  by  co-application  with  cibacron  (100  pM;  Vh,  —80  mV).  B:  Current  traces  recorded  from  a  Deiters 
cell  before  (control),  during  and  after  washing  out  (wash)  cibacron  (100  pM).  The  voltage  protocol  is  as  shown  in  inset.  C:  Current-voltage 
(I-V)  curves  constructed  from  the  current  records  of  the  same  cell  as  in  B.  Current  amplitude  was  measured  1  ms  before  the  termination  of  the 
pulses  as  indicated  by  an  arrow. 


pH  of  7.35  with  HC1  and  had  an  osmolality  of  284 
mOsm/kg  H20  adjusted  with  sucrose.  Low  (free)  Ca2+ 
internal  solution  contained  (in  mM):  K+,  137;  Mg2+, 
1.5;  Ca2+,  0.1;  Cl-,  95.2;  A-methyl-D-glucamine,  60; 
Na+,  4;  ATP,2;  GTP,  0.1;  BAPTA,  25  and  had  an 
osmolality  of  284  mOsm/kg  H20  adjusted  with  sucrose. 
The  drugs  tested  were  freshly  prepared  at  desired  con¬ 
centrations  in  the  HBS  external  solution.  All  the  drug 
solutions  were  delivered  either  from  a  U-tubing  system 
as  described  previously  (Chen  et  al.,  1995a, b)  or  bath 
perfusion.  All  experiments  were  conducted  at  room 
temperature  (22-24°C). 

2.2.  In  vivo  procedures 

2.2.1.  Subjects 

Experiments  were  performed  on  pigmented  guinea 
pigs  of  either  sex  weighing  250—400  g.  Anesthetized  an¬ 
imals  (urethane.  Sigma;  1.5  g/kg,  i.p.)  were  tracheotom- 
ized  and  were  allowed  to  breathe  unassisted.  ECG  and 
rectal  temperature  were  monitored  throughout  each  ex¬ 
periment  and  temperature  was  maintained  at  38  i  1°C 
by  a  heating  pad.  Additional  urethane  was  administered 


as  required  to  maintain  an  adequate  depth  of  anesthe¬ 
sia.  Surgical  procedures  have  been  described  previously 
(Kujawa  et  al.,  1994a,b).  In  all  animals  the  right  audi¬ 
tory  bulla  was  exposed  using  a  ventrolateral  approach 
and  tendons  of  the  right  middle  ear  muscles  were  sec¬ 
tioned. 

2.2.2.  Cochlear  perfusion  experiments 

Perfusions  were  carried  out  using  methods  described 
previously  (Kujawa  et  al.,  1994a,b).  The  artificial  peri¬ 
lymph  (AP)  had  a  composition  of  (in  mM):  NaCl,  137; 
KC1,  5;  CaClo,  2;  NaH2P04,  1;  MgCl2,  1;  glucose,  11; 
NaHCC>3,  12.  The  suramin  was  mixed  with  the  AP  on 
the  day  of  use  at  desired  concentrations.  The  pH  of  all 
solutions  was  adjusted  to  7.4  when  necessary.  Perfu¬ 
sates  were  introduced  into  the  cochlear  perilymph  at 
room  temperature  and  at  a  rate  of  2.5  ul/min  for  15 
min  through  a  hole  in  basal  turn  scala  tympani  and 
were  allowed  to  flow  from  the  cochlea  through  an  efflu¬ 
ent  hole  placed  in  basal  turn  scala  vestibuli.  Effluent 
was  absorbed  within  the  bulla  using  small  cotton  wicks. 
In  all  animals,  the  first  two  perfusions  were  of  AP 
alone.  These  perfusions  were  performed  to  achieve  a 
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Fig.  5.  Tail  activation  curves  of  cibacron  induced  inhibition  of  voltage  gated  current  in  Deiters  cells.  A:  Superimposed  tail  current  traces  re¬ 
corded  from  a  Deiters’  cell  before  (control),  during  (Ciba)  and  after  (wash)  application  of  cibacron  (100  jjlM).  Current  elicitation  was  the  same 
as  in  Fig.  4.  B:  Tail  activation  curves  constructed  from  current  records  in  A.  Tail  current  amplitude  was  measured  3.5  ms  after  the  termination 
of  the  pulses  as  indicated  in  inset.  The  tail  activation  curves  were  best  fitted  to  a  double  Boltzmann  function.  The  parameters  for  the  fits: 
Vhl  =  -3.7±3.2  mV,  Ki  =  5.4±0.3  mV,  Vh2  =  35.4±2.7  mV,  and  K2  =  17.9±1.2  mV  for  the  control  (k  =  3);  Vhl  =  -20.7 ±  1.2  mV, 
Ki  =  5.1  ±  0.3  mV,  Vh2  =  34.3  ±2.2  mV,  and  K2  =  20.8  ±2.8  mV  for  the  cibacron  (*  =  3);  Vhl  = -15.2  ±  1.8  mV,  Ki=6.2±0.2  mV, 


Vh2=  27.0  ±4.0  mV,  and  K2  =  17.4  ±  1.1  mV  for  the  wash  (n  =  3). 

stable  baseline  to  which  subsequent  alterations  in  the 
artificial  perilymph  and  drug-related  changes  could  be 
compared.  These  perfusions  were  followed  by  perfu¬ 
sions  of  the  AP  or  experimental  drug. 

2.2.3 .  DPOAE:  stimulus  generation  and  response 
monitoring 

The  instrumentation  employed  in  these  experiments 
has  been  described  (Skellett  et  al.,  1996).  Briefly,  quad¬ 
ratic  (f2— fi  =  1.25  kHz)  and  cubic  (2fi  — f2  =  5  kHz) 
DPOAEs  were  elicited  by  equilevel  primary  stimuli 
(fi  =  6.25  kHz;  f2  =  7.5  kHz)  sent  to  two  separate  speak¬ 
ers  housed  within  an  acoustic  probe  assembly.  The 
acoustic  probe  assembly  was  tightly  coupled  directly 
to  the  right  ear  of  each  animal.  The  DPOAEs  were 


detected  by  a  microphone  also  housed  within  the  probe 
assembly  and  amplified  using  a  microphone  preampli¬ 
fier  and  sent  to  a  dynamic  signal  analyzer  for  fast  Four¬ 
ier  transform  analysis  (averaging  10  discrete  spectra) 
and  spectral  display  (span=l  kHz;  CF  =  DP  fre¬ 
quency;  BW  =  3.75  Hz).  The  noise  floors  associated 
with  these  display  windows  averaged  approximately 
—  15  dB  SPL  for  the  f2— fx  DPOAE  and  -18  dB  SPL 
for  the  2fx — f2  DPOAE  when  measured  at  points  ±50 
Hz  from  the  DPOAE  frequency. 

As  described  previously  (Kujawa  et  al.,  1995,  1996), 
continuous,  moderate-level,  primary  stimulation 
(fi  =  6.25  kHz,  f2  =  7.5  kHz,  LI  =  L2  =  60  dB  SPL)  gen¬ 
erated  a  standard  pattern  of  time-varying  alterations  in 
the  amplitude  of  the  quadratic  (f2— fx  =  1.25  kHz) 
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Fig.  6.  A  typical  example  of  the  effect  of  equilevei  (L1=L2  =  60  dB 
SPL)  primary  stimulation  on  quadratic  (f2— fi  =  1.25  kHz)  DPOAH 
amplitude  (fj  =6.25  kHz,  fo  =  7.5  kHz).  Each  data  point  represents  a 
10-spectrum  average  and  required  5  s  to  complete.  The  break  in  re¬ 
sponse  amplitude  trace  (C-D)  represents  1  min  during  which  the 
primaries  were  turned  off.  Points  A-F  were  used  to  calculate  magni¬ 
tudes  of  component  amplitude  changes  for  statistical  analyses.  This 
particular  trace  was  obtained  following  a  second  control  artificial 
perilymph  perfusion  (AP2)  and  is  also  shown  in  Fig  7.  For  reading 
ease,  symbols  occur  only  at  every  third  data  point;  connecting  lines 
follow  all  data  points. 

DPOAE.  The  following  stimulation  and  response  mon¬ 
itoring  protocol  was  employed  to  generate  this  pattern 
of  change.  One  hundred  consecutive  10-spectrum  aver¬ 
ages  of  distortion  product  amplitude  were  obtained 
during  continuous  primary  stimulation.  Each  of  these 
averages  required  approximately  5  s  to  complete  for  a 
total  of  500  s  (8.3  min)  of  stimulation.  The  primary 
tones  were  then  simultaneously  turned  off  and  there 
was  a  1  min  rest  from  primary  stimulation.  Following 
this  rest,  the  primaries  were  re-introduced  and  40  con¬ 
secutive  10-spectrum  averages  of  distortion  product  am¬ 
plitude  were  obtained  (total  time  approximately  200  s 
or  3.3  min  of  stimulation). 

At  least  a  15  min  period  of  rest  from  primary  stim¬ 
ulation  separated  each  test  condition  from  the  next. 
This  period  was  usually  the  time  (15  min)  during  which 
the  cochlea  was  perfused.  Immediately  (within  2  min), 
after  the  perfusion  was  terminated,  the  primaries  were 
turned  on  (60  dB  SPL)  and  recording  of  the  time-vary¬ 
ing  amplitude  of  the  quadratic  DPOAE  commenced. 
Following  this  recording,  without  any  intervening  rest, 
the  level  of  the  primaries  was  increased  from  60  to  70 


dB  SPL  and  the  amplitude  growth  functions  for  the 
quadratic  DPOAE  obtained  by  decreasing  the  intensity 
of  the  primaries  in  5  dB  steps  until  the  noise  floor  was 
reached.  This  was  immediately  followed  by  the  same 
procedure  (descending  primary  intensity)  to  obtain  the 
amplitude  growth  functions  of  the  cubic  DPOAE. 

Effects  of  treatments  were  quantified  using  repeated 
measures  analysis  of  variance  (ANOVA)  and  Student- 
Newman-Keuls  multiple  range  test  or  f-tests.  Drugs 
used  were:  suramin  hexasodium  salt  (RBI),  cibacron 
blue  (cibacron;  Sigma),  and  adenosine  5'-triphosphate 
(ATP,  Sigma).  The  care  and  use  of  the  animals  reported 
on  in  this  study  were  approved  by  LSUMC’s  Institu¬ 
tional  Animal  Care  and  Use  Committee. 


3.  Results 

3.1.  Effects  of  ATP  on  OHCs  and  Deiters'  cells 

The  effects  of  ATP  were  tested  on  OHCs  shorter 
than  65  pm  and  Deiters’  cells.  As  described  previously 
(Chen  et  al.,  1995a, b,  1997)  ATP  from  5  to  100  pM 
evoked  inward  currents  at  the  holding  potential  (Vh) 
in  both  OHCs  (Vh  =  —60  mV)  and  Deiters’  cells 
(Vh  =  —80  mV). 

The  purinergic  receptor  antagonist  suramin  (100  pM) 
reduced  the  ATP  (10  pM)  induced  current  in  OHCs  by 
19  ±  7%  ( n  =  6)  and  the  ATP  (5  pM)  induced  current  in 
Deiters’  cells  by  25  ±  6%  (*=  10,  Fig.  lAFig.  2A).  When 
ATP  was  applied  following  the  co-application  of  sura¬ 
min  and  ATP  (10-20  s  later),  the  responses  were  larger 
than  those  induced  by  the  first  ATP  application  (5  out 
of  6  OHCs;  8  out  of  10  Deiters’  cells;  Figs.  1A  and 
2A).  This  potentiation  reversed  with  washing. 

The  effect  of  cibacron  on  ATP  gated  current  was 
tested  in  both  OHCs  and  Deiters’  cells.  As  indicated 
in  Figs.  3 A  and  4A,  100  pM  cibacron  decreased  the 
ATP  (10  pM)  induced  current  by  72  ±6%  in  OHCs 
(n  =  6)  and  reduced  the  ATP  (5  pM)  induced  current 
by  78  ±2%  in  Deiters’  cells  (n  =  7).  When  ATP  was 
applied  following  the  co-application  of  cibacron  and 
ATP  (10-20  s  later),  the  responses  were  still  smaller 
than  those  induced  by  the  first  ATP  application 
(OHCs,  n  =  4;  Deiters’  cells,  /z  =  7;  Figs.  3A  and  4A). 

The  effects  of  suramin  and  cibacron  on  whole  cell 
currents  were  monitored  in  OHCs  and  Deiters’  cells. 
Suramin  had  no  effect  on  the  voltage  gated  currents 
in  OHCs  (Fig.  1B,C,  n-  14)  or  Deiters’  cells  (n-  9, 
Fig.  2B,C).  However,  cibacron  reversibly  increased 
these  currents  in  OHCs  (Fig.  3),  but  decreased  them 
in  Deiters’  cells  (Fig.  4).  As  indicated  in  Fig.  3B,  ciba¬ 
cron  induced  an  outward  current  at  Vh  of  —60  and 
—40  mV,  and  an  inward  current  at  Vh  of  —100  mV 
(data  not  shown)  in  OHCs  (n  =  5).  The  reversal  poten¬ 
tial  of  the  cibacron  induced  current  is  close  to  the  po- 
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Fig.  7.  Effect  of  suramin  on  f2-fi  DPOAE  amplitude  alterations  during  continuous  primary  stimulation  (fi  =  6.25  kHz,  f2  =  7.5  kHz, 
L1=L2  =  60  dB  SPL).  Response  amplitude  as  recorded  following  the  second  control  perfusion  (AP2),  suramin  (100  pM),  a  following  wash 
(wash  1),  a  second  suramin  (100  pM),  a  second  wash  (wash  2),  and  a  third  suramin  (1  mM).  Pooled  errors  are  shown  in  the  upper  right  hand 
corner  of  each  frame.  See  legend  for  Fig.  6  for  additional  information. 


tassium  equilibrium  potential.  The  current-voltage  (TV) 
relationship  recorded  from  a  ramp  protocol  shows  that 
cibacron  increased  an  outward  current  at  potentials 
positive  to  —80  mV  and  an  inward  current  at  more 
negative  potentials  (Fig.  3C;  9  out  of  11  cells). 

In  Deiters’  cells  cibacron  induced  an  inhibition  of 
whole  cell  current  (Fig.  4B,C,  a  =12),  and  shifted  the 
activation  curve  of  whole  cell  currents  in  a  hyperpola- 
rizing  direction  (Fig.  5,  n  =  3).  The  activation  curves  of 
voltage  activated  currents  in  Deiters’  cells  are  likely  to 
represent  the  activity  of  a  single  channel  type  (data  not 
shown)  and  were  best  fit  to  curves  described  by  double  ■ 
Boltzmann  equation.  The  estimated  parameters  for  the 
half  activation  voltages  and  the  dependence  of  the  acti¬ 
vation  on  voltage  were  obtained  from  the  fitted  curves 
and  are  shown  in  Fig.  5  (legend).  The  larger  current 
component  activated  at  more  hyperpolarized  potentials 
and  was  more  steeply  dependent  on  voltage  than  the 
smaller  component.  Overall,  cibacron  caused  a  concen¬ 
tration  dependent  hyperpolarizing  shift  of  the  larger 
current  component  ( — 3.7 ±3.1  mV  to  —  20.7±1.2  mV, 


mean±S.E.;  «  =  3;  P<0.05  independent  Mest)  but  not 
of  the  smaller  component  (35.4  ±2.7  mV  to  34.3  ±2.2 
mV,  mean±S.E. ;  a  =  3;  P>0.05  independent  Mest). 
The  slope  of  the  activation  currents  remained  un¬ 
changed  (Fig.  5).  The  hyperpolarizing  shift  of  the  half 
activating  voltage  of  the  larger  current  component 
could  not  be  reversed  by  HBS  wash  of  more  than  30 
min. 

To  investigate  the  possibility  that  the  hyperpolarizing 
shift  of  half  activation  voltage  is  a  time  related  phenom¬ 
enon  rather  than  drug  induced,  we  applied  HBS  to  cells 
for  15  min  continuously  and  recorded  the  currents 
(n  =  10).  Under  these  conditions,  in  the  absence  of  ciba¬ 
cron,  hyperpolarization  of  the  activation  of  the  currents 
was  not  observed.  In  addition,  hyperpolarization  al¬ 
ways  coincided  with  the  application  of  the  drug  and 
was  independent  on  the  time  of  the  application  (be¬ 
tween  the  sixth  and  fifteenth  min  after  establishing  a 
whole  cell  mode  of  recording).  These  effects  of  cibacron 
were  concentration  dependent  as  evidenced  by  the  sim¬ 
ilar  changes  induced  by  application  of  65  jiM  cibacron 
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Fig.  8.  Effect  of  suramin  on  the  various  points  (A-F)  identified  in  the  — Fi  DPOAE  amplitude  values  (defined  in  Fig.  6)  following  each  perfu¬ 
sion  shown  in  Fig.  7.  Significance  was  tested  with  ANOVA  and  subsequent  Student-Newman-Keuls  post  hoc  multiple  range  test  for  all  means 
except  the  wash  2  vs.  1  mM  suramin  means  which  were  compared  only  to  each  other  by  a  f-test.  Values  that  are  significantly  different  from 
their  respective  AP2  concentrations  (or  in  the  case  of  1  mM  suramin,  its  respective  wash  2)  are  designated:  *P<0.05;  **P<  0.01.  Data  are 
represented  as  means  ±S.E.  (for  n  see  Fig.  7). 


blue  to  the  Deiters’  ceils  (n-  2;  shift  of  the  activation  of 
the  larger  current  component  of  6.5  and  8.3  mV  for 
each  cell  tested,  respectively).  Similar  changes  were  ob¬ 
served  when  Deiters’  cell  currents  were  recorded  using 
an  internal  solution  containing  25  mM  BAPTA  («  =  2). 

In  summary,  cibacron  blue  changes  the  voltage  in¬ 
duced  whole  cell  currents  of  OHCs  and  Deiters’  cells 
while  suramin  had  no  effect.  These  effects  were  in  addi¬ 
tion  to  the  block  of  the  purinergic  response. 

3.2.  Effects  of  suramin  on  DPOAEs 

A  typical  example  of  the  effect  of  continuous  low 
level  primary  stimulation  on  quadratic  (Tj— fi)  DPOAE 
amplitude  is  shown  in  Fig.  6.  Six  points  (A-F)  were 
identified  on  each  response  amplitude  function  (Fig.  6). 
These  values  were  used  to  characterize  the  response  as 
previously  described  (Kujawa  et  al.,  1996).  They  include 
an  initial  value  (A),  an  ‘on  effect*  (A-B),  a  ‘slow  decline’ 
(B-C),  an  ‘off  effect*  (C-D)  and  a  ‘second  on  effect*  (D- 
E).  In  preliminary  experiments,  suramin  was  perfused 


through  the  cochlea  in  a  cumulative  dose  manner  and 
was  found  to  reversibly  attenuate  the  ‘slow  decline’  in 
the  quadratic  DPOAE  induced  by  continuous,  moder¬ 
ate  primary  stimulation  (n-  4  animals).  The  effect  of 
suramin  was  detected  at  a  threshold  concentration  of 
around  10-33  pM  and  the  ‘slow  decline’  in  the  quad¬ 
ratic  DPOAE  amplitude  was  almost  totally  abolished 
after  exposure  to  1  mM  suramin. 

To  quantitate  this  effect  of  suramin,  examine  the 
test-retest  and  reversibility  of  the  drug,  and  to  describe 
the  effect  on  the  amplitude  growth  function  of  the 
DPOAEs,  in  4-6  additional  animals,  we  perfused  the 
cochlea  in  the  following  order:  AP  twice,  100  pM  sur¬ 
amin,  an  AP  wash,  100  pM  suramin,  an  AP  wash,  and 
1  mM  suramin.  Fig.  7  illustrates  the  effects  of  repeated 
100  pM  suramin  perfusions  on  the  quadratic  DPOAE 
amplitude  changes,  the  complete  reversibility  of  the 
drug  upon  washing,  and  the  total  abolishment  of  the 
‘slow  decline’  in  the  quadratic  DPOAE  amplitude  by 
the  1  mM  suramin. 

Suramin  had  no  significant  (P>0.05)  effect  on  the 
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Fig.  9.  Effect  of  suramin  on  the  amplitude  growth  functions  for  quadratic  (f2-fi)  and  cubic  (2fL— f2)  DPOAEs.  Shown  are  the  values  obtained 
following  the  second  control  perfusion  (AP2),  suramin  (100  pM),  a  wash  out  (wash  1),  a  second  suramin  (100  pM),  a  wash  out  (wash  2)  and  a 
third  suramin  (1  mM)  and  collection  of  the  data  shown  in  Fig.  7.  Data  are  represented  as  means  ±S.E.  Significance  was  tested  with  ANOVA 
and  subsequent  Student-Newman-Keuls  post  hoc  multiple  range  test  for  all  means  except  wash  2  vs.  1  mM  suramin  means  which  were  com¬ 
pared  only  to  each  other  by  a  /-test.  Values  that  are  significantly  different  from  their  respective  AP2  concentrations  (or  in  the  case  of  1  mM 
suramin,  its  respective  wash  2)  are  designated:  *P<0.05;  **P<0.01.  The  dashed  line  in  each  panel  represents  the  average  value  of  the  noise 
floor. 


absolute  amplitude  of  the  quadratic  distortion  product 
measured  after  the  15  min  of  silence  at  point  A  (Fig.  8). 
Also,  suramin  did  not  substantially  alter  the  ‘on  effect’ 
(B;  Fig.  8).  On  the  other  hand,  it  did  decrease  the  slope 
of  the  ‘slow  decline’  as  indicated  by  the  increase  in 
point  C  (Fig.  8).  The  decrease  in  the  ‘slow  decline’ 
probably  also  accounted  for  the  increase  in  points  D- 
F  (Fig.  8). 

The  amplitude  growth'  functions  for  the  quadratic 
DPOAE  obtained  immediately  after  the  above  measure¬ 
ments  following  the  100  |iM  and  the  1  mM  suramin 
perfusions  were  characterized  by  a  significant  shift  in 
the  function  to  the  left  compared  to  those  obtained 
after  the  washes  (Fig.  9).  This  reflects  the  suramin  in¬ 
duced  attenuation  of  the  ‘slow  decline’  in  the  quadratic 


DPOAE  during  continuous  exposure  to  the  primaries. 
In  contrast,  there  was  no  change  in  the  amplitude 
growth  functions  of  the  cubic  DPOAE  (Fig.  9),  con¬ 
firming  our  previously  published  results  (Kujawa  et 
al.f  1994b). 


4.  Discussion 

Results  demonstrate  that  both  suramin  and  cibacron 
reduce  ATP  gated  currents  in  acutely  isolated  OHCs 
and  Deiters’  cells.  The  potentiation  of  ATP  induced 
responses  after  suramin  may  have  been  due  to  one  of 
the  other  effects  of  suramin,  such  as  blockade  of  ecto- 
ATPase  (Ziganshin  et  al.,  1995)  or  inhibition  of  diacyl- 
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glycerol  kinase  (Kopp  and  Pfeiffer,  1990).  Suramin  had 
no  effect  on  voltage  gated  currents  in  either  OHCs  or 
Deiters’  cells. 

In  OHCs,  cibacron  induced  an  outward  current  at 
the  holding  potential  of  —60  mV  and  increased  the 
whole  cell  currents.  The  shape  and  reversal  potential 
of  the  currents  induced  by  cibacron  were  similar  to 
those  induced  by  the  rise  in  intracellular  Ca2+  in  inner 
hair  cells  (Dulon  et  al.,  1995).  This  similarity  may  sug¬ 
gest  that  cibacron  increases  the  level  of  free  internal 
Ca2+  which  in  turn  affects  Ca2+  sensitive  K+  currents 
such  as  Kn  or  Kca-  Cibacron  has  been  shown  to  acti¬ 
vate  Ca2+  dependent  potassium  currents  in  bladder 
smooth  muscle  (Cotton  et  al.,  1996)  and  our  results 
are  consistent  with  such  a  mechanism  of  action  of  ci¬ 
bacron  in  OHCs. 

In  Deiters’  cells,  cibacron  reduced  the  voltage  gated 
currents  and  induced  a  hyperpolarizing  shift  of  the  half 
activation  voltage  of  the  whole  cell  currents.  Internal 
calcium  appears  not  to  have  a  role  in  this  effect  since 
it  was  also  observed  in  the  presence  of  high  internal 
BAPTA.  Thus  the  mechanism  for  the  action  of  ciba¬ 
cron  on  Deiters’  cells  is  unknown. 

Cibacron’s  effect  on  voltage  activated  currents  in 
OHCs  and  Deiters’  cells,  cells  which  are  involved  in 
generating  otoacoustic  emissions  (Bobbin,  1996;  Frank 
and  Kossl,  1996;  Brownell,  1996),  probably  caused,  or 
contributed  to,  the  large  decrease  in  the  cubic  DPOAEs 
reported  by  us  previously  (Kujawa  et  al.,  1994b).  The 
lack  of  effect  of  suramin  on  the  same  voltage  activated 
currents  may  explain  its  lack  of  effect  on  both  the  cubic 
DPOAE  (Kujawa  et  al.,  1994b)  and  on  the  initial  value 
of  the  quadratic  DPOAE  found  in  the  present  study 
(point  A  in  Figs.  6  and  8). 

Several  investigators  have  attempted  to  discover  the 
mechanisms  underlying  the  time  varying  amplitude 
changes  of  the  quadratic  DPOAE  that  occur  during 
continuous  stimulation  with  moderate  level  primaries. 
Kirk  and  Johnstone  (1993)  suggested  that  the  amplitude 
changes  were  due  to  GABA  released  by  the  efferents 
synapsing  onto  the  OHCs.  Lowe  and  Robertson 
(1995)  demonstrated  conclusively  that  the  efferents  do 
not  contribute  to  the  amplitude  change.  Similar  conclu¬ 
sions  were  reached  by  Kujawa  et  al.  (  1995,  Kujawa  et 
al.,  1996)  who  demonstrated  that  the  amplitude  change 
was  not  affected  to  a  large  extent  by:  TTX,  a  sodium 
channel  antagonist;  curare  in  concentrations  that 
blocked  the  action  of  acetylcholine  released  by  the  ef¬ 
ferents  onto  the  OHCs;  bicuculline,  a  GABA  antago¬ 
nist;  and  efferent  sectioning,  but  was  affected  by  alter¬ 
ations  in  calcium.  In  the  present  study,  suramin 
reversibly  suppressed  the  ‘slow  decline’  in  amplitude 
of  the  quadratic  DPOAE  that  occurs  in  response  to 
continuous  primary  presentation,  indicating  that  endog¬ 
enous  release  of  ATP,  acting  on  ATP  receptors,  may 
underlie  this  ‘slow  decline’  in  amplitude.  Since  suramin 


had  no  effect  on  the  initial  value  (point  A)  or  on  the  ‘on 
effect’  (point  B)  of  this  time  varying  amplitude  change, 
then  ATP  may  only  be  involved  in  generating  the  ‘slow 
decline’  (B-C;  Figs.  6  and  8). 

One  must  be  circumspect  in  attributing  the  effect  of 
suramin  on  the  quadratic  DPOAE  to  blockade  of  en¬ 
dogenous  ATP  as  suramin  has  been  reported  to  have 
many  effects  other  than  blockade  of  ATP  at  ATP  re¬ 
ceptors.  For  instance,  suramin  has  been  reported  to 
inhibit  the  ectonucleotidases  that  degrade  ATP  (Bailey 
and  Hourani,  1994;  Ziganshin  et  al.,  1995).  Suramin 
also  inhibits  diacylglycerol  kinase  (Kopp  and  Pfeiffer, 
1990)  and  several  protein  tyrosine  phosphatases  (Ghosh 
and  Miller,  1993).  In  addition,  suramin  has  an  antineo¬ 
plastic  effect  (Stein,  1993).  Further  evidence  as  to  the 
mechanism  by  which  suramin  affects  the  quadratic 
DPOAE  may  be  obtained  by  examining  the  effects  of 
additional  ATP  antagonists  in  future  studies  of  this 
phenomena. 

In  this  study  we  have  focused  on  cochlear  mechanics 
as  monitored  by  DPOAEs.  DPOAEs  are  generated  by 
the  active  cochlear  mechanics,  the  cochlear  amplifier, 
brought  about  by  the  change  in  length  of  the  OHCs 
coupled  to  Deiters’  cells  (e.g.  Brownell,  1996;  Bobbin, 
1996;  Frank  and  Kossl,  1996).  Both  OHCs  and  Deiters’ 
cells  have  ATP  receptors  in  their  membranes.  However, 
as  discussed  in  the  introduction,  some  investigators  sug¬ 
gest  that  ionotropic  ATP  receptors  on  OHCs  are  lo¬ 
cated  near  the  stereocilia  portion  of  the  cells  or  on 
the  endolymph  side  of  the  cells  (Housley  et  al.,  1992; 
Mockett  et  al.,  1994,  1995).  If  this  is  the  case,  then  only 
ATP  released  onto  Deiters’  cells  may  be  affected  by 
suramin  which  was  placed  in  perilymph  and  therefore 
bathed  the  basal  and  lateral  walls  but  not  the  cuticular 
plate  region  of  the  OHCs.  Recently,  Wangemann  (1996) 
demonstrated  release  of  ATP  from  cells  of  the  isolated 
organ  of  Corti,  presumably  in  the  vicinity  of  Deiters’ 
cells. 

The  source  of  the  ATP  acting  on  ATP  receptors  on 
Deiters’  cells  (and  possibly  OHCs)  is  unknown  and  the 
effects  of  this  interaction  at  the  cellular  level  is  specu¬ 
lative  at  present.  Since  TTX,  which  blocks  action  po¬ 
tential  generation,  and  efferent  sectioning  have  no  effect 
on  the  quadratic  DPOAE  amplitude  change  (Lowe  and 
Robertson,  1995;  Kujawa  et  al.,  1995),  we  assume  that 
the  efferent  nerve  fibers  have  no  role  in  this  phenomena. 
ATP  opens  ligand  gated  cation  channels  on  Deiters’ 
cells  resulting  in  the  depolarization  of  these  cells.  This 
depolarization,  together  with  a  possible  change  in  Ca2+ 
levels  in  the  Deiters’  cells  (Dulon,  1995;  Dulon  et  al., 
1994),  may  change  the  tension  or  stiffness  that  Deiters’ 
ceils  apply  to  the  base  and  apex  of  OHCs.  This  change 
in  tension  may  adjust  the  operating  point  of  the  active 
cochlear  amplifier  as  described  by  Frank  and  Kossl 
(1996).  The  cubic  DPOAE  is  less  sensitive  to  changes 
in  the  operating  point  of  the  cochlear  amplifier  (Frank 
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and  Kossl,  1996)  and  may  not  be  affected  by  the  quan¬ 
tity  of  endogenously  released  ATP,  thus  accounting  for 
the  lack  of  effect  of  suramin  on  this  DPOAE.  However, 
the  cubic  DPOAE  is  suppressed  by  exogenously  applied 
ATP  and  ATP  agonists  (Kujawa  et  al.,  1994a).  This 
probably  occurred  because  the  large  amount  of  ATP 
applied  induced  a  stimulation  of  the  ATP  receptors 
on  Deiters’  cells  that  was  sufficiently  large  to  alter  the 
cubic  DPOAEs. 

In  summary,  suramin  and  cibacron  blocked  the  cat¬ 
ionic  inward  currents  evoked  by  application  of  ATP  to 
OHCs  and  Deiters’  cells.  Cibacron  but  not  suramin, 
increased  the  voltage  activated  outward  currents  in 
OHCs  and  decreased  them  in  Deiters’  cells.  Given  the 
fact  that  suramin  did  not  affect  the  cubic  DPOAE,  it 
appears  that  the  cibacron  induced  suppression  of  the 
cubic  DPOAE  reported  earlier  (Kujawa  et  al.,  1994b) 
may  have  been  due  to  the  actions  of  cibacron  on  volt¬ 
age  activated  currents  in  OHCs  and  Deiters’  cells.  In 
vivo,  suramin  attenuated  the  ‘slow  decline’  in  the  am¬ 
plitude  of  the  quadratic  DPOAE  induced  by  moderate, 
continuous  primary  stimulation  without  an  effect  on  the 
initial  value  or  the  ‘on  effect’.  The  suramin  results  ob¬ 
tained  in  vivo  suggest  that  endogenous  ATP  may  play  a 
role  in  generating  this  ‘slow  decline’.  This  decrease  in 
amplitude  may  reflect  an  ATP  induced  adjustment  of 
the  operating  point  of  the  cochlear  amplifier. 
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Abstract 

Evidence  is  accumulating  to  indicate  that  extracellular  adenosine  5'-triphosphate  (ATP)  may  function  as  a  neurotransmitter, 
neuromodulator,  cytotoxin  and  mitogen.  Many  of  the  cells  in  the  cochlea  have  ATP  receptors,  however,  their  function  is  unknown. 
The  purpose  of  the  present  study  was  to  test  whether  ATP  may  act  as  a  cytotoxin  in  the  cochlea.  ATP  was  applied  to  acutely  isolated 
outer  hair  cells  (OHCs)  and  their  shape  changes  monitored.  In  addition,  ATP  was  applied  into  the  cochlea  by  perfusion  of  the 
perilymph  compartment  for  2  h  and  the  animals  allowed  to  survive  3-4  weeks  post  drug  application.  At  this  time,  sound-evoked 
cochlear  potentials  and  distortion  product  otoacoustic  emissions  (DPOAEs)  were  monitored  and  the  cochleas  evaluated 
histologically.  Results  indicate  that  when  applied  to  isolated  OHCs,  ATP  (3-30  mM)  induced  a  bleb  formation  in  the  infracuticular 
region  of  the  cell  that  burst  within  a  few  minutes.  Short  OHCs  were  more  sensitive  to  this  effect  of  ATP  than  long  OHCs.  3-4  weeks 
after  the  perilymph  perfusion  of  ATP  (60  mM;  2  h)  cochlear  potentials  and  DPOAEs  were  abolished,  and  histologically,  cells  in  the 
organ  of  Corti  and  the  stria  vascularis  were  found  to  have  been  destroyed.  In  addition,  there  was  loss  of  spiral  ganglion  cells  and 
proliferating  connective  tissue  filled  varying  proportions  of  the  scala  tympani  and  vestibuli.  Application  of  sodium  gluconate,  a 
control,  at  the  same  concentrations  had  no  effect  either  on  the  isolated  OHCs  or  when  applied  in  vivo.  Results  suggest  that 
extracellular  ATP  or  a  metabolic  product  may  act  as  a  cytotoxin  to  some  epithelial  and  neural  elements  in  the  cochlea  and  possibly  as 
a  mitogen  to  mesenchymal  cells  or  fibrocytes. 

Keywords:  Receptor;  Cochlear  potential;  Cytotoxin;  Histology;  Fibrocytes;  Mitogen 

A 

2? - 


1.  Introduction 

Extracellular  adenosine  5'-triphosphate  (ATP)  has 
been  suggested  to  subserve  a  neurotransmitter,  neuro- 
modulator  and  mitogen  function  in  a  number  of  neuro¬ 
nal  and  non-neuronal  systems  (Bumstock,  1990;  Collo 
et  al.,  1996;  Huang  et  al.,  1993;  Wang  et  al.,  1994). 
Others  suggest  that  ATP  functions  as  a  toxin  being 
released  by  cytotoxic  T  lymphocytes  to  kill  virus-in¬ 
fected  hepatocytes  (Zoeteweij  et  al.,  1996;  Redegeld  et 
al,  1991)  and  tumor  target  cells  (Gordon,  1986;  Di 
Virgilio  et  al.,  1990).  In  addition,  ATP  has  been  shown 
to  be  cytotoxic  to  mast  cells  (Tatham  and  Lindau, 
1990)  and  macrophages  (Falzoni  et  al.,  1995).  The 
mechanism  for  the  cytotoxic  action  is  unknown  but 
appears  to  involve  necrosis,  i.e.  activation  of  ATP  re- 
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ceptors  on  the  surface  of  the  cells  which  allows  for  the 
influx  of  cations  and  water  with  a  resultant  swelling  and 
bursting  of  the  cell  (Tatham  and  Lindau,  1990;  Stein¬ 
berg  and  Silverstein,  1989). 

Bobbin  and  Thompson  (1978)  first  demonstrated 
that  acute  extracellular  application  of  ATP  to  the  cells 
of  the  cochlea  by  perfusion  of  the  perilymph  compart¬ 
ment  affected  the  function  of  the  cochlea  as  monitored 
by  a  reduction  in  the  compound  action  potential  of  the 
auditory  nerve.  Using  the  same  application  route,  Ku- 
jawa  et  al.  (1994a)  demonstrated  that  ATP-y-S,  an  ana¬ 
logue  of  ATP  that  is  not  rapidly  metabolized,  was  much 
more  potent  than  ATP.  Studies  at  the  single  cell  level 
have  demonstrated  that  ATP  activates  a  ligand  gated 
receptor  (ionotropic)  on  outer  hair  cells  (OHCs)  that 
induces  a  large  inward  cation  current  (Ashmore  and 
Ohmori,  1990;  Housley  et  al.,  1992;  Kakehata  et  al., 
1993;  Kujawa  et  al.,  1994b;  Nakagawa  et  al.,  1990)  and 
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possibly  activates  a  G  protein  coupled  receptor  (metab¬ 
otropic)  to  increase  intracellular  free  Ca2+  in  these  cells 
(Ashmore  and  Ohmori,  1990;  Ikeda  et  al.,  1991;  Shige- 
moto  and  Ohmori,  1990).  Additional  evidence  for  a 
metabotropic  receptor  mechanism  in  the  cochlea  was 
obtained  (Niedzielski  and  Schacht,  1992;  Ogawa  and 
Schacht,  1993,  1994,  1995).  Activation  of  ATP  recep¬ 
tors  increases  intracellular  Ca2+  levels  in  inner  hair  cells 
(IHCs;  Dulon  et  al.,  1991),  Deiters5  cells  (Dulon  et  al., 
1993)  and  Hensen’s  cells  (Dulon  et  al.,  1993),  depolar¬ 
izes  both  Deiters5  cells  (Dulon,  1995)  and  IHCs  (Suga- 
sawa  et  al.,  1996),  and  may  modulate  calcium  channels 
(Chen  et  al.,  1995b).  Wangemann  (1996)  demonstrated 
Ca2+-induced  release  of  ATP  from  whole  organ  of  Cor- 
ti.  Other  evidence  demonstrates  that  ATP  induces 
changes  in  the  cells  of  the  stria  vascularis  (Liu  et  al., 
1995;  Suzuki  et  al.,  1995;  Wangemann,  1995),  and  the 
origin  of  the  endogenous  ATP  that  acts  on  these  recep¬ 
tors  may  be  the  marginal  cells  in  the  stria  vascularis 
(White  et  al.,  1995).  ATP  occurs  in  high  concentrations 
in  endolymph  (Munoz  et  al.,  1995a),  and  when  exoge¬ 
nous  ATP  is  placed  in  the  endolymph,  it  induces  a  large 
decrease  in  the  endocochlear  potential  (Munoz  et  al., 
1995b). 

The  function  of  ATP  receptors  in  the  cochlea  is  un¬ 
known  (Bobbin,  1996).  The  receptors  on  the  stria  may 
regulate  the  endocochlear  potential  (Suzuki  et  al.,  1995; 
Wangemann,  1995).  The  ionotropic  receptors  on  OHCs 
may  be  involved  in  transduction  (Housley  et  al.,  1992; 
Mockett  et  al.,  1994,  1995).  The  Deiters5  cells  may  re¬ 
spond  to  an  ATP-induced  change  in  Ca2+  levels  with  a 
change  in  stiffness  and  so  be  involved  in  cochlea  me¬ 
chanics  (Dulon  et  al.,  1993,  1994;  Dulon,  1995).  The 
changes  observed  in  distortion  product  otoacoustic 
emissions  (DPOAEs)  induced  by  ATP  agonists  (Kuja- 
wa  et  al.,  1994a)  and  antagonists  (Bobbin  et  al.,  1997; 
Kujawa  et  al.,  1994b;  Skellett  et  al.,  1997)  are  further 
evidence  for  a  role  of  ATP  in  cochlear  mechanics.  On 
the  other  hand,  Housley  et  al.  (1995)  demonstrated  that 
the  application  of  micromolar  concentrations  of  ATP 
to  isolated  OHCs,  in  the  whole  cell  voltage  or  current 
clamp  mode,  activated  an  ionotropic  receptor  causing 
the  OHCs  to  take  up  such  large  amounts  of  cations  and 
water  that  swelling  localized  to  the  infracuticular  region 
of  the  cell  occurred.  This  suggests  that  ATP  may  kill 
OHCs  by  a  mechanism  similar  to  that  in  hepatocytes, 
mast  cells  and  macrophages  (Di  Virgilio  et  al.,  1990; 
Falzoni  et  al.,  1995;  Gordon,  1986;  Redegeld  et  al., 
1991;  Steinberg  and  Silverstein,  1989;  Tatham  and  Lin- 
dau,  1990;  Zoeteweij  et  al.,  1996). 

We  tested  the  hypothesis  that  ATP  may  act  as  a 
cytotoxin  in  the  cochlea.  ATP  was  applied  to  acutely 
isolated  OHCs  and  their  shape  changes  monitored.  In 
addition,  ATP  was  applied  into  the  cochlea  by  peril¬ 
ymph  perfusion  for  2  h  and  the  animals  allowed  to 
survive  3-4  weeks  post  drug  application.  Following 


this  survival  period,  sound-evoked  cochlear  potentials 
and  DPOAEs  were  monitored  and  the  cochleas  eval¬ 
uated  histologically.  Preliminary  results  have  been  pre¬ 
sented  (Chu  et  al.,  1997). 


2.  Methods 

2.1.  In  vitro  procedures 

2.1.1.  Cell  isolation 

Cells  were  isolated  as  previously  described  (Kujawa 
et  al.,  1994a;  Skellett  et  al.,  1995).  Briefly,  adult  pig¬ 
mented  guinea  pigs  (300-500  g)  were  anesthetized  with 
pentobarbital  (Nembutal;  35  mg/kg,  i.p.)  and  killed  by 
decapitation.  Whole  organ  of  Corti  was  mechanically 
isolated  and  placed  in  collagenase  (type  IV)  for  5-10 
min.  A  syringe  was  used  to  transfer  separated  OHCs 
into  dishes  containing  normal  external  solution.  The 
external  solution  was  a  modified  standard  Hanks5  bal¬ 
anced  salt  (HBS)  containing  in  mM:  137  NaCl,  5.36 
KC1,  2.5  CaCl2,  0.5  MgCl2,  10  HEPES,  10  D-glucose. 
The  pH  was  corrected  to  7.4  by  addition  of  appropriate 
amounts  of  NaOH.  The  initial  osmolality  of  the  solu¬ 
tion  was  295  mOsm/kg  water  which  was  monitored  by 
utilizing  a  freezing  point  osmometer  (Precision  Systems, 
model  5002).  Osmolality  was  adjusted  to  300  ±  2  mOsm 1 
kg  water  by  adding  sucrose.  Several  morphological  cri¬ 
teria  were  used  to  judge  the  viability  of  the  cells  used  in 
the  experiments.  These  included:  cylindrical  shape  with 
diameter  around  10  pm;  no  visible  movement  of  cellu¬ 
lar  organelles;  and  the  appearance  of  normal  turgor. 

2.1.2.  Single  cell  morphological  procedure 

One  OHC  in  each  dish  was  studied  as  described  by 
Kujawa  et  al.  (1994a)  and  Skellett  et  al.  (1995).  The 
dishes  were  placed  on  an  inverted  microscope  stage 
(Nikon  Diaphot  with  Hoffman  modulation  contrast), 
and  monitored  with  a  video  camera  and  simultaneously 
video  taped.  The  drop  (100  pi)  containing  the  cell  was 
perfused  at  a  rate  of  100  pl/min  utilizing  a  peristaltic 
pump  with  glass  infusion  and  withdrawal  pipettes 
placed  into  the  drop.  Most  often,  a  standard  perfusion 
protocol  was  employed.  The  protocol  consisted  of  a  10 
min  perfusion  of  the  HBS  solution,  followed  by  a  10 
min  perfusion  of  experimental  drug  in  HBS  (ATP  or 
gluconate),  followed  by  a  return  to  the  HBS  for  10  min, 
then  a  5  min  perfusion  with  a  hypotonic  HBS  solution 
(280  mOsm/kg  water;  made  hypotonic  by  lowering  the 
NaCl  concentration  to  127  mM)  and  finally  a  return  to 
HBS  for  5  min.  Cells  that  did  not  continue  to  meet  the 
morphological  criteria  described  above  during  the  first 
10  min  of  perfusion  with  HBS  were  discarded.  Cells 
that  did  not  react  to  the  experimental  drug  and  also 
did  not  react  to  the  hypotonic  HBS  were  considered 
non-reactive  and  were  not  included  in  the  final  data 
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(Bobbin  et  al.,  1990).  Solutions  of  ATP  and  gluconate 
were  made  isoosmotic  by  lowering  the  concentration  of 
NaCl.  All  experiments  were  carried  out  at  room  tem¬ 
perature  (25°C).  Cell  length  was  measured  from  the 
video  tapes  as  described  (Skellett  et  al.,  1995). 

2.2.  In  vivo  procedures 

2.2. 1.  Acute  administration  of  drugs  to  the  cochlea 
coupled  with  subsequent  long-term  survival 

Pigmented  guinea  pigs  (250-450  g;  13  animals)  of 
either  sex  were  given  atropine  to  reduce  secretions 
(0.1  mg/kg,  s.c.)  and  then  anesthetized  by  administra¬ 
tion  of  a  dose  of  acetylpromazine  (5  mg/kg,  i.m.),  fol¬ 
lowed  by  ketamine  (125  mg/kg,  i.p.).  Additional  doses 
of  ketamine  (30  mg/kg,  i.p.)  were  given  as  needed. 
Under  aseptic  conditions,  the  right  bulla  of  each  animal 
was  exposed  postauricularly  and  a  hole  drilled  through 
the  bony  bulla  for  visualization  of  the  cochlea.  A  small 
(0.3  mm)  hole  was  made  in  the  bony  wall  of  the  basal 
turn  of  the  cochlea  slightly  apical  to  the  round  window 
for  infusion  of  artificial  perilymph  (AP).  An  outflow 
hole  (0.3  mm)  to  allow  the  effluent  to  escape  was 
made  in  the  horizontal  semicircular  canal  wall  in  the 
bulla  wall.  The  AP  employed  in  these  experiments 
had  a  composition  of  (in  mM):  137  NaCl,  5  KC1,  2 
CaCl2,  1  NaH2P04,  11  glucose,  12  NaHC03.  Drugs 
were  dissolved  in  the  AP  solution  just  before  use,  pH 
was  adjusted  to  7.4,  and  the  osmotic  pressure  of  the 
solutions  was  adjusted  (to  300  mOsm/kg  water)  by  low¬ 
ering  the  concentration  of  NaCl.  AP  containing  either 
ATP  (60  mM;  7  animals)  or  gluconate  (60  mM;  5  ani¬ 
mals)  was  infused  into  the  hole  in  the  basal  turn  scala 
tympani  and  out  of  the  hole  in  the  semicircular  canal  at 
2.5  pl/min  for  2  h.  Following  termination  of  the  perfu¬ 
sion,  the  bulla  was  closed  with  sheets  of  Gelfoam  (Up¬ 
john),  and  the  wound  closed  with  interrupted  sutures. 

Three  to  four  weeks  after  the  above  surgery  the  guin¬ 
ea  pigs  were  anesthetized  (urethane,  1.5  g/kg,  i.p.),  tra- 
cheotomized  and  rectal  temperature  was  maintained  at 
38±1°C.  Additional  urethane  (0.15  g/kg,  i.p.)  was  ad¬ 
ministered  as  required  to  assure  a  deep  level  of  anes¬ 
thesia.  The  right  cochlea  was  exposed  ventrolaterally 
and  both  middle  ear  muscles  were  sectioned.  Electrical 
potentials  were  recorded  using  a  silver  wire  with  a 
balled  tip  placed  on  the  round  window  of  the  cochlea 
and  DPOAEs  were  recorded  from  the  external  ear  canal 
as  described  below.  At  the  end  of  the  recording  proce¬ 
dures  the  vasculature  of  the  animal  was  perfused  by 
intracardiac  perfusion  with  500  ml  of  phosphate  buf¬ 
fered  Tyrode  solution  followed  by  500  ml  of  a  mixed 
aldehyde  solution  (2. 5%  glutaraldehyde ;  2%  parafor- 
maldehyde)  in^<^^odylate)buffer  at  pH  7.2.  The  bullae 
JUj-were  removed"  opened  and  placed  in  the  mixed  alde¬ 
hyde  solution  where  the  round  window  and  oval  win¬ 
dow  were  opened,  a  hole  was  made  in  the  apex  of  the 


cochlea  and  the  solution  slowly  washed  through  the 
scala  with  a  pipette.  The  bullae  were  kept  in  the  mixed 
aldehyde  solution  overnight.  Following  fixation,  the 
bullae  were  decalcified  using  8%  EDTA.  Following  de¬ 
calcification,  the  ears  were  dehydrated  and  embedded  in 
glycol  methacrylate.  Serial  4  pm  sections  were  cut  in  the 
plane  of  the  modiolus  and  stained  with  toluidine  blue. 

2.2.2.  Cochlear  perfusions  in  acute  animal  experiments 
Acute  cochlear  perfusion  experiments  were  carried 
out  in  urethane  anesthetized  guinea  pigs  using  methods 
described  previously  (Kujawa  et  al.,  1994a).  Briefly,  the 
guinea  pig’s  right  cochlea  was  prepared  for  perfusion  by 
placing  holes  in  the  cochlear  basal  turn  perilymph  com¬ 
partment.  A  hole  was  placed  in  scala  tympani  for  the 
introduction  of  the  perfusates  and  a  hole  was  placed  in 
scala  vestibuli  to  allow  the  effluent  to  escape.  The  same 
AP  and  drug  solutions  in  AP  as  described  above  were 
employed  in  these  experiments.  The  drug  solutions  were 
applied  to  the  cochlea  by  perfusing  the  perilymph  com¬ 
partment  from  basal  turn  scala  tympani  to  basal  turn 
scala  vestibuli  at  2.5  jil/min  using  a  micropipette 
coupled  to  a  syringe  pump. 

2.2.5.  Gross  cochlear  and  auditory  nerve  potentials 
Methods  used  to  monitor  the  effects  of  treatments  on 
sound-evoked  potentials  were  similar  to  those  described 
previously  (Kujawa  et  al.,  1994a).  The  compound  ac¬ 
tion  potential  of  the  auditory  nerve  (CAP  amplitude; 
Ni-Pi),  cochlear  microphonic  (CM)  and  summating  po¬ 
tential  (SP)  were  recorded  from  the  right  cochlea  utiliz¬ 
ing  a  silver  wire  (teflon-coated  except  for  the  balled  tip) 
placed  on  the  round  window  and  referenced  to  neck 
muscle.  The  evoked  responses  were  amplified  (Grass, 
PI 5,  gain=1000),  averaged  (over  20  trials)  and  stored 
on  the  computer  disk.  The  responses  were  evoked  by  10 
kHz  tone  pips  (0.25  ms  rise/fall,  10  ms  duration,  200  ms 
interstimulus  interval).  Stimuli  were  computer  gener¬ 
ated  (Tucker-Davis  TDT  System  II  hardware),  trans¬ 
duced  by  a  speaker  and  delivered  through  a  hollow 
ear  bar  to  the  right  ear  of  each  animal  under  computer 
control.  Intensity  was  increased  in  6  dB  steps  over  the 
range  8-92  dB  SPL.  Custom  software  was  utilized  to 
display  and  filter  the  composite  waveform  (CAP,  SP: 
low  pass  to  2  kHz;  CM:  7.5-15  kHz)  for  identification 
of  the  CAP,  CM  and  SP  components  across  stimulus 
intensities. 

2.2.4.  DPOAE  generation  and  measurement 

Equilevel  primary  tones  (fi ;  f2;  ratio  f2/fi=1.2)  were 
generated  under  computer  control  using  Tucker-Davis 
System  II  audio  processing  equipment  two  separate 
speakers  (Etymotic  Research,  ER-2)  housed  within  an 
acoustic  probe  assembly  (see  Skellett  et  al.,  1996  for 
additional  details).  The  acoustic  probe  assembly  was 
tightly  coupled  directly  to  the  right  ear  of  each  animal. 
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The  cubic  DPOAEs  (2^— f2)  and  quadratic  DPOAEs 
(fi— fa)  for  f2=1.5,  1.875,  3,  4.5,  6,  7.5,  9,  and  12  kHz 
were  detected  by  a  microphone  (Etymotic  Research, 
ER-10)  also  housed  within  the  probe  assembly  and  am¬ 
plified  using  a  microphone  preamplifier  (Etymotic  Re¬ 
search,  ER-1072)  and  a  dynamic  signal  analyzer  (Hew¬ 
lett-Packard,  3561A)  for  fast  Fourier  transform  analysis 
(averaging  10  discrete  spectra)  and  spectral  display 
(span=l  kHz;  BW=3.75  Hz).  Intensity  functions  for 
the  DPOAEs  were  obtained  in  response  to  primaries 
(range  of  20-70  dB  SPL)  in  5  dB  steps.  The  noise  floor 
associated  with  this  display  was  approximately  —10  to 
-15  dB  SPL. 

ATP  (disodium  salt,  cat.  no.  A-2383)  and  gluconate 
(D-gluconic  acid,  sodium  salt,  cat.  no.  G-9005)  from 
Sigma  Chemical  Company  were  used  in  all  experiments. 
As  mentioned  above,  solutions  of  ATP  were  made  iso- 
osmotic  by  adjusting  the  NaCl.  This  lowered  the  chlor¬ 
ide  level  but  not  the  sodium  level  since  sodium  ATP 
was  used.  Lowering  the  chloride  may  induce  collapse 
of  OHCs  (Cecola  and  Bobbin,  1992).  Therefore,  sodium 
gluconate  was  chosen  as  a  control  for  both  the  proce¬ 
dures  (acute  and  chronic  in  vivo  perilymph  compart¬ 
ment  perfusion  and  perfusion  of  the  drop)  and  the  low¬ 
ering  of  the  chloride.  In  addition,  ATP  complexes 
cations  and  therefore,  gluconate  which  also  complexes 
cations  was  a  control  for  these  effects  of  ATP  (Schubert 
and  Lindenbaum,  1952).  The  care  and  use  of  the  ani¬ 
mals  reported  on  in  this  study  were  approved  by  the 
Animal  Care  and  Use  Committee  of  the  Medical  Center 
at  Louisiana  State  University. 


3.  Results 

3.1.  ATP  applied  to  isolated  OHCs 

Low  concentrations  of  ATP  (1  mM)  induced  no  con¬ 
sistent  change  in  the  length  or  shape  of  the  OHCs.  In 
general,  higher  concentrations  (3-30  mM)  of  ATP  ap¬ 
plied  to  isolated  OHCs  were  found  to  induce  bleb  for¬ 
mation,  or  a  swelling . ofjhe  OHCs,  at  a  point  just 
below  the  cuticular  plate  or  in  the  infracuticular  region 
of  the  cells.  In  the  example  shown  in  Fig.  1A  applica¬ 
tion  of  10  mM  ATP  to  the  cell  resulted  in  formation  of 
a  bleb  that  eventually  burst,  releasing  the  cellular  con¬ 
tents  and  giving  the  OHC  a  ‘ghost-like’  appearance.  In 
additional  examples,  shown  in  Fig.  IB,  20  mM  ATP 
initiated  formation  of  a  bleb  that  burst  in  the  shorter 
cell  before  initiating  bleb  formation  and  bursting  in  the 
longer  cell.  A  similar  swelling  and  bleb  formation  with 
micromolar  concentrations  of  ATP  has  been  described 
by  Housley  et  al.  (1995)  in  OHCs  in  the  voltage  clamp 
condition. 

To  quantitate  the  incidence  of  bleb  bursting  (lysis), 
the  number  of  OHCs  that  underwent  lysis  within  the  10 


ATP  (10  mM) 


Before  3  min  4  min 
ATP  ATP 


ATP  (20  mM) 


Fig.  1.  A:  ATP  applied  at  10  mM  resulted  in  bleb  formation  in  the 
infracuticular  region  and  eventual  bursting  of  the  bleb.  B:  In  differ¬ 
ent  cells,  ATP  (20  mM)  induced  a  bleb  in  the  shorter  OHC  before 
the  longer  OHC.  The  bleb  burst  in  the  shorter  OHC  before  the  bleb 
in  the  longer  OHC.  The  shorter  cell  appears  to  shorten  in  response 
to  the  application  of  ATP  because  the  cell  lifted  off  the  bottom  of 
the  dish. 


min  of  ATP  exposure  were  tabulated  (Fig.  2).  The  same 
concentrations  of  gluconate  induced  no  bleb  formation 
(1  mM,  10  cells;  3  mM,  8  cells;  10  mM,  12  cells;  20 
mM,  18  cells;  30  mM,  13  cells).  Cells  that  leaked  their 
contents  and  became  ghost-like  without  a  visible  bleb 
formation  during  the  10  min  of  ATP  or  gluconate  ex¬ 
posure  were  not  included  in  this  quantification  (ATP:  3 
mM,  1  cell;  10  mM,  3  cells;  20  mM,  1  cell;  30  mM,  8 
cells;  gluconate:  3  mM,  1  cells;  30  mM,  2  cells).  In 
general,  it  appears  from  Fig.  2  that  shorter  cells  were 
more  sensitive  to  ATP-induced  bleb  formation  with 
bursting  than  were  longer  cells  which  required  higher 
concentrations.  Very  long  cells  (91-110  Jim)  did  not 
respond  (Fig.  2). 

3.2.  ATP  applied  to  the  cochlea:  acute  effects 

Others  have  demonstrated  that  ATP  applied  to  the 
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Fig.  2.  The  relationship  between  ATP  concentration,  cell  length  and 
bleb  bursting  (%  lysis=number  of  OHCs  where  the  bleb  burst  div¬ 
ided  by  the  number  of  cells  tested  X  100)  in  OHCs.  Numbers  above 
the  bars  represent  the  number  of  cells  tested. 


perilymph  compartment  is  rapidly  broken  down  by  en¬ 
zymes  (Vlajkovic  et  al.,  1996).  Previously,  we  had  dem¬ 
onstrated  that  ATP-y-S,  which  is  metabolized  at  a  slow¬ 
er  rate  than  ATP,  was  more  potent  than  ATP  in 
reducing  DPOAEs  when  placed  in  the  perilymph  (Ku- 
jawa  et  al.,  1994a).  Therefore  to  test  for  ATP  cytotox¬ 
icity  in  vivo,  ideally  we  wanted  to  use  a  concentration 
of  ATP  that  saturated  the  enzymes  responsible  for  the 
breakdown  process  and  allowed  the  ATP  to  act  at  the 
receptors.  It  was  reasoned  that  the  concentration  of 
ATP  producing  approximately  the  same  response  on 
DPOAEs  as  ATP-y-S  in  the  study  of  Kujawa  et  al. 
(1994a)  would  be  an  appropriate  approximation  of 
this  ideal.  Preliminary  results  indicated  that  60  mM 
ATP  applied  by  perilymph  compartment  perfusion  for 
approximately  2  h  decreased  the  high  intensity  (70  dB 
SPL  primaries)  cubic  DPOAE  to  an  extent  that  was 
similar  to  the  decrease  obtained  with  1  mM  ATP-y-S 
(Fig.  3).  Gluconate  (60  mM)  induced  no  change  (Fig. 
3). 

3.3.  ATP  applied  to  the  cochlea:  chronic  physiological 
effects 

Based  on  the  above  results,  it  was  assumed  that  60 
mM  was  at  or  above  the  concentration  of  ATP  neces¬ 
sary  to  be  applied  into  the  perilymph  compartment  to 
deliver  an  effective  concentration  of  unaltered  chemical 


and  so  test  whether  ATP  kills  cells  in  the  cochlea.  ATP 
(60  mM;  7  animals)  and  gluconate  (60  mM;  5  animals) 
were  applied  for  2  h  through  the  perilymph  compart¬ 
ment.  One  animal  did  not  recover  from  the  surgery  (an 
ATP  animal)  and  the  remaining  animals  were  allowed 
to  recover  for  3-4  weeks.  Immediately  following  recov¬ 
ery  from  the  surgical  anesthesia,  it  was  observed  that 
the  animals  receiving  the  ATP  exhibited  a  head  tilt, 
turning  behavior  and  nystagmus,  indicating  damage  to 
their  vestibular  systems.  After  the  3^4-  week  recovery 
interval,  the  animals  were  prepared  as  describedqn  Sec¬ 
tion  2 1  for  recording  of  cochlear  potentials^  and 
DPOAEs.  The  middle  ear  of  only  one  animal  was  ab¬ 
normal,  being  filled  with  purulent  material  and  so  it 
was  discarded  (a  gluconate  animal).  Recordings  from 
the  ATP  animals  («=6)  revealed  the  complete  absence 
of  cochlear  potentials  in  response  to  tone  bursts  of  10 
kHz  compared  to  good  average  responses  from  the 
gluconate  animals  (n= 4;  Fig.  4).  In  addition,  all  cubic 
and  quadratic  DPOAEs  were  at  the  noise  floor  in  the 
ATP  animals  compared  to  the  good  average  values 
from  the  gluconate  animals  (only  a  representative  fre¬ 
quency  of  cubic  DPOAEs  is  shown  in  Fig.  4). 


Fig.  3.  Magnitude  (mean±S.E.)  of  the  cubic  DPOAE  recorded  in 
response  to  70  dB  SPL  primaries  (Li=L2;  fi=6.25  kHz,  f2=7.5  kHz, 
2fi—  f2=5  kHz)  during  the  perfusion  of  the  perilymph  compartment 
of  the  cochlea  with  gluconate  (60  mM;  n=3)  and  ATP  (60  mM; 
/i=3)  in  acute  animals.  Start  indicates  the  start  of  the  perfusions  (0 
h).  NF  is  the  representative  average  noise  floor. 
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Fig.  4.  Effect  (means ±S.E.)  of  ATP  (60  mM;  n~6)  and  gluconate  (60  mM;  n~4)  perfused  through  the  perilymph  compartment  for  2  h  fol¬ 
lowed  by  a  recovery  period  of  3-4  weeks  on  CAP,  SP  and  CM  recorded  from  the  round  window  and  the  cubic  distortion  product  (2fi—  f2— 8 
kHz)  recorded  from  the  ear  canal.  NF  is  the  representative  average  noise  floor. 


3.4.  ATP  applied  to  the  cochlea:  chronic  anatomical  ef¬ 
fects 

Cochleas  from  four  ATP  and  four  gluconate  ani¬ 
mals,  that  were  examined  for  cochlear  potentials  and 
DPOAE  above,  were  subsequently  prepared  for  histol¬ 
ogy.  In  general,  both  cochleas  of  the  gluconate  animals 
(right  ear  perfused  with  gluconate;  left  ear  untreated) 
and  the  left  cochlea  (untreated)  of  the  ATP  animals 
were  normal  except  for  changes  which  were  attributed 
to  histological  preparation  (Fig.  5A,B).  In  contrast,  the 


cells  in  the  organ  of  Corti  and  stria  vascularis  of  ATP 
perfused  cochlea  were  almost  completely  destroyed 
(Fig.  5C,D).  A  section  through  a  third  turn  of  a  typical 
ATP-treated  cochlea  is  shown  in  Fig.  5C,D.  In  this 
example  all  of  the  cells  of  the  organ  of  Corti  and  the 
stria  vascularis  are  absent,  and  the  tectorial  membrane 
appears  to  be  rolled  up  in  scala  media.  Spiral  ganglion 
neurons  are  obviously  reduced  in  number  (Fig.  5C).  In 
addition,  although  scala  media  appears  empty  with 
some  hydrops  possibly  present,  the  scala  vestibuli  and 
tympani  are  filled  with  proliferating  connective  tissue 
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Fig.  5.  Approximate  mid-modiolar  sections  showing  a  third  turn  of  a  normal  left  cochlea  (A,  B)  and  an  ATP  (60  mM)-treated  right  cochlea 
(C,  D)  of  an  animal  whose  cochlear  potential  and  DPOAE  data  are  included  in  Fig.  4. 


(Fig.  5C,D).  In  all  four  ATP-treated  cochlea,  the  scala 
tympani  and  scala  vestibuli  of  the  upper,  apical  turns 
were  filled  with  proliferating  connective  tissue  to  a 
greater  extent  than  were  more  basal  turns.  The  three 
other  ATP-treated  cochlea  appeared  the  same  as  the 
cochlea  shown  in  Fig.  5C,D,  except  for  one  which 
had  some  supporting  cells  in  the  organ  of  Corti  and 
no  obvious  reduction  in  the  number  of  spiral  ganglion 
neurons.  Although  vestibular  tissue  was  not  the  focus 
of  the  study,  histological  sections  through  the  vestibular 
labyrinth  of  all  four  ATP-treated  animals  indicated 
damage  similar  to  that  observed  in  the  cochlea  (i.e.  cells 
absent  together  with  proliferation  of  connective  tissue). 

4.  Discussion 

Results  demonstrate  that  ATP  may  act  as  a  cytotox- 
in  and  mitogen  in  the  cochlea.  The  study  was  based  on 
the  results  of  Housley  et  al.  (1995)  who  documented  a 
large  increase  in  OHC  volume  that  was  initiated  in  the 
infracuticular  region  of  the  cell  due  to  the  application 
of  micromolar  ATP  to  voltage  clamped  OHCs.  In  the 
present  study,  when  ATP  was  applied  to  isolated  OHCs 
that  were  not  voltage  or  current  clamped,  the  same 
phenomenon  was  observed  but  at  millimolar  concentra¬ 
tions  and  not  the  micromolar  concentrations  reported 
by  Housley  et  al.  (1995).  In  addition,  when  ATP  (60 


mM)  was  applied  into  the  cochlea  and  examined  3-4 
weeks  after  the  application  to  test  ATP  for  cytotoxicity, 
cochlear  potentials  and  DPOAEs  were  absent  and  al¬ 
most  all  of  the  cells  in  the  cochlea  were  found  to  be 
destroyed  with  the  exception  of  a  proliferation  of  con¬ 
nective  tissue.  The  latter  effect  indicates  that  ATP  had  a 
mitogenic  effect  on  the  fibrocytes  in  the  cochlea.  The 
results  indicate  that  ATP  administration  to  the  peril¬ 
ymph  triggered  a  complex  series  of  events.  Whether 
the  cell  death  obtained  in  vivo  is  due  to  the  same 
type  of  necrosis-like  event  observed  in  isolated  OHCs 
remains  to  be  determined. 

The  reason  that  higher  concentrations  of  ATP  were 
necessary  to  observe  bursting  of  isolated  OHCs  in  the 
present  study  than  were  necessary  in  voltage  clamped 
OHCs  in  the  study  by  Housley  et  al.  (1995)  may  be 
complex.  In  voltage  clamped  OHCs,  ATP  in  micromo¬ 
lar  amounts  induces  more  cation  current  in  short  OHCs 
than  in  longer  ones,  presumably  because  of  a  lower 
ATP  receptor  density  on  the  longer  OHCs  (Housley 
et  al.,  1995;  Chen  et  al.,  1995a).  This  relationship  was 
similar  to  the  one  found  in  the  present  study,  in  that, 
short  OHCs  were  more  sensitive  to  ATP-induced  cell 
lysis,  possibly  indicating  that  the  cell  lysis  may  be  a 
reflection  of  the  greater  amount  of  cation  current  and 
so  receptor  density  in  the  shorter  OHCs.  If  the  ATP 
was  acting  on  ionotropic  ATP  receptors  on  the  OHCs 
in  both  clamped  and  non-clamped  OHCs,  then  why  did 
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non-clamped  OHCs  require  a  thousand  fold  greater 
concentration  of  ATP  to  induced  lysis  than  voltage 
clamped  OHCs?  We  know  that  isolated  OHCs  have 
accumulated  ions  such  as  Na+  and  Ca2+  bringing  their 
membrane  potentials  towards  zero  (Erostegui  et  al., 
1994;  Ikeda  et  al.,  1992).  The  reversal  potential  for 
ATP  induced  ion  flux  (Na+  and  Ca2+)  is  near  zero 
(Chen  et  al.,  1995a, b;  Nakagawa  et  al.,  1990).  There¬ 
fore,  since  the  isolated  OHCs’  membrane  potential  is 
close  to  zero,  there  is  little  if  any  chemical  or  ionic 
gradient  for  Na+  and  Ca2+  flux  (and  water)  through 
the  ligand  gated  ion  channel  complex  opened  upon  ap¬ 
plication  of  ATP.  Under  whole  cell  voltage  clamp,  the 
cells  are  dialyzed  with  the  pipette  solution  which  lowers 
the  Na+  and  Ca2+  concentrations,  and  re-establishes 
the  gradients.  Thus,  one  reasonable  hypothesis  for  milli- 
molar  concentrations  of  ATP  being  required  to  induce 
bleb  formation  in  non-patch  clamped  cells  is  that  the 
gradient  for  ATP  induced  ion  flux  in  these  isolated 
OHCs  is  less  than  it  is  in  OHCs  under  the  whole  cell 
voltage  clamp  condition. 

The  type  of  swelling  and  bursting  observed  with  ATP 
on  the  isolated  OHCs  is  unusual,  although  a  similar 
bursting  just  below  the  cuticular  plate  has  been  re¬ 
ported  to  be  induced  by  triethyltin  (Clerici  et  al., 

1993) .  The  most  common  type  of  OHC  swelling  ob¬ 
served  is  a  total  cell  shortening  and  increase  in  width 
that  leads  to  a  rounding  of  the  cell  with  bursting  usually 
occurring  adjacent  to  the  nucleus  (Goldstein  and  Miz- 
ukoshi,  1967).  The  latter  is  observed  in  response  to  high 
concentrations  of  potassium,  and  hypotonic  solutions 
(Cecola  and  Bobbin,  1992;  Crist  et  al.,  1993;  Goldstein 
and  Mizukoshi,  1967;  Skellett  et  al.,  1995).  Housley  et 
al.  (1995)  suggest  that  the  ionotropic  ATP  receptors  on 
OHCs  are  located  near  the  stereocilia.  One  would  ex¬ 
pect  then  that  opening  of  an  ion  channel  at  the  stereo¬ 
cilia  end  of  the  cell  would  result  in  an  increase  in  ions 
and  water  in  the  whole  cell  and  the  whole  cell  would 
swell  and  burst.  Since  this  did  not  occur  either  in  our 
experiments  or  in  the  experiments  reported  by  Housley 
etal  (1995)^.the  bleb  and  bursting  in  response  to  ATP 
atthe  mfracuticular  region  may  indicate  a  separate  mi¬ 
cro  compartment  that  is  not  continuous  with  the  rest  of 
the  OHC. 

The  sites  and  mechanisms  responsible  for  the  de¬ 
struction  of  the  cells  in  the  cochlea  and  vestibular  lab¬ 
yrinth  in  the  post  60  mM  ATP- treated  chronic  animals 
is  unknown.  It  appears  not  to  be  an  infection  since  the 
histology  was  not  typical  of  an  infectious  process.  In 
addition,  the  type  of  cellular  reaction  observed  in  the 
cochlea  of  every  ATP  animal  was  not  observed  in  any 
of  the  gluconate  animals.  One  speculation  is  that  the 
ATP  acted  on  ionotropic  P2X  receptors  on  cells  in  the 
cochlea  and  in  the  vestibular  labyrinth  (Aubert  et  al., 

1994) .  At  these  receptors,  ATP  initiated  necrosis  by 
inducing  a  large  influx  of  cations  into  the  cells  that 


resulted  in  swelling  and  bursting  as  observed  in  the 
isolated  OHCs  and  as  described  in  other  cells  (Tatham 
and  Lindau,  1990;  Steinberg  and  Silverstein,  1989).  Evi¬ 
dence  that  the  ATP  acted  on  receptors  will  have  to  be 
obtained  in  the  future  by  testing  whether  ATP  antago¬ 
nists  will  block  cell  death.  Non-receptor  mechanisms 
may  also  have  induced  the  cell  death.  For  instance, 
the  ATP  may  have  complexed  cations  such  as  calcium 
and  magnesium  (Wilson  and  Chin,  1991)  and  induced 
such  low  cation  concentrations  that  the  cells  died.  How- 
evei£)  the  control,  gluconate,  also  complexes  cations 
(Schubert  and  Lindenbaum,  1952)  and  it  demonstrated 
no  toxicity.  In  addition,  given  the  large  amount  of  ATP 
degradation  that  occurs  when  ATP  is  instilled  into  per¬ 
ilymph,  the  toxic  chemical  may  be  a  degradation  prod¬ 
uct  of  the  ATP,  such  as  adenosine,  adenosine  5'-diphos- 
phate,  adenosine  5'-monophosphate  or  phosphate 
(Vlajkovic  et  al.,  1996).  Arguing  against  a  non-receptor, 
non-cellular  specific  mechanism  is  the  apparent  mito¬ 
genic  response  of  the  connective  tissue.  Finally,  the  con¬ 
centration  of  ATP  tested  (i.e.  60  mM)  may  be  far  above 
the  threshold  concentration  necessary  to  induce  cell 
death  in  the  cochlea.  Future  experiments  will  test  lower 
concentrations  of  ATP  and  ATP-y-S,  a  derivative  that 
is  hydrolyzed  at  a  much  slower  rate  than  ATP. 

Whether  the  cytotoxicity  of  ATP  in  the  cochlea  dem¬ 
onstrated  in  the  present  study  has  any  functional  sig¬ 
nificance  is  unknown.  Speculation  may  include  func¬ 
tions  proposed  in  other  systems.  For  example,  it  has 
been  proposed  that  ATP  receptors  such  as  those  exist¬ 
ing  in  the  cochlea  may  act  as  ‘suicide  receptors’  (Falzo- 
ni  et  al.,  1995;  Di  Virgilio  et  al.,  1990;  Beyer  and  Stein¬ 
berg,  1991).  In  general,  when  cells  are  infected  with  a 
virus,  cytotoxic  T  lymphocytes  invade  the  tissue  and 
release  various  cytotoxic  chemicals  including  ATP 
which  kill  the  infected  cells  (Falzoni  et  al.,  1995).  In 
the  cochlea,  the  ATP  receptors  may  be  there  to  interact 
with  the  ATP  released  from  the  lymphocytes  resulting 
in  the  death  of  the  virus  infected  cells,  as  observed  by 
Keithley  et  al.  (1989),  Woolf  et  al.  (1988)  and  Schu- 
knecht  (1993;  p.  239).  ATP  may  also  play  a  role  in 
the  destruction  of  cells  in  the  cochlea  following  intense 
noise  exposure  (Chen  et  al.,  1995a).  If  such  is  the  case 
then  drugs  that  block  ATP  receptors  may  be  useful  in 
protecting  the  cells  from  death  during  noise  exposure  or 
viral  infection.  Alternatively,  as  suggested  by  Falzoni  et 
al.  (1995),  the  cytotoxicity  may  be  a  pharmacological 
event  having  nothing  to  do  with  the  physiological  func¬ 
tion  of  the  receptors.  Instead  the  receptors  may  func¬ 
tion  to  enhance  intercellular  communication  between 
cells  that  differentiated  into  multicellular  structures 
(Falzoni  et  al.,  1995). 

Schuknecht  (1993,  p.  239  in  Fig.  5.88)  described  pro¬ 
liferation  of  connective  tissue  into  the  perilymph  com¬ 
partment  of  a  virus  infected  human  cochlea  that  was 
similar  to  that  described  here.  Eight  fibrocyte  cell  types 
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have  been  described  to  be  normally  present  in  the  spiral 
ligament  of  the  cochlea  (Spicer  and  Schulte,  1996). 
Others  have  demonstrated  that  extracellular  ATP  acting 
on  metabotropic  ATP  receptors  (P2Y)  has  a  mitogenic 
effect  on  fibrocytes  (e.g.  Huang  et  al.,  1993;  Wang  et 
al.,  1994).  Thus  it  is  possible  that  application  of  ATP  to 
the  perilymph  compartment  may  have  stimulated  the 
division  of  existing  fibrocytes  in  the  cochlea  which  re¬ 
sulted  in  the  proliferation  of  connective  tissue  observed 
in  the  perilymph  scala.  Whether  ATP  released  during 
virus  infection  induces  fibrosis  in  the  human  cochlea 
remains  to  be  demonstrated. 

In  summary,  results  indicate  that  ATP  is  cytotoxic  to 
isolated  OHCs.  In  addition,  when  placed  into  the  peril¬ 
ymph  compartment,  ATP  killed  a  majority  of  the  cells 
in  the  cochlea  while  possibly  stimulating  fibrocyte  pro¬ 
liferation.  The  mechanisms  involved  are  unknown  and 
may  involve  ATP  receptors.  We  speculate  that  the  func¬ 
tional  significance  of  the  cytotoxicity  may  lie  in  the 
deafness  observed  subsequent  to  intense  noise  exposure 
or  viral  infection  of  the  cochlea. 
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Abstract 

In  the  cochlea,  outer  hair  cells  (OHCs)  generate  the  active  cochlear  mechanics  (OHCs) 
whereas  the  supporting  cells,  such  as  Deiters’  cells  and  Hensen’s  cells  may  play  a  role  in  both  the 
active  and  passive  cochlear  mechanics.  The  presence  of  ATP  receptors  on  these  cells  indicates 
that  endogenous  ATP  may  have  a  role  in  cochlear  mechanics.  To  explore  this  possibility,  the 
effects  of  the  ATP  antagonist,  pyridoxal-phosphate-6-azophenyl-2',4'-disulphonic  acid  (PPADS), 
were  studied  both  in  vitro  on  isolated  OHCs,  Deiters’  cells,  Hensen’s  cells  and  pillar  cells  using 
the  whole-cell  configuration  of  the  patch-clamp  technique  and  in  vivo  on  sound  evoked  cochlear 
potentials  (cochlear  microphonic,  CM;  summating  potential,  SP;  compound  action  potential , 
CAP)  and  distortion  product  otoacoustic  emissions  (DPOAEs)  using  cochlear  perilymphatic 
perfusion.  Results  show  that  PPADS  (100  pM)  reduced  the  inward  current  evoked  by  5-10  pM 
ATP  in  OHCs,  Deiters'  cells,  Hensen’s  cells  and  pillar  cells.  This  effect  of  PPADS  was  slow  in 
onset  and  was  slowly  reversed  to  a  varying  degree  in  the  different  cell  types.  In  vivo  application 
of  PPADS  in  increasing  concentrations  reduced  the  sound  evoked  CAP,  SP  and  increased  N1 
latency  starting  at  about  0.33  mM  (SP)  and  ImM  (CAP  and  N1  latency).  PPADS  (0.33  to  1  mM) 
reversibly  suppressed  the  initial  value  of  the  quadratic  DPOAE  and  reversed  the  ‘slow-decline’  in 
the  quadratic  DPOAE  that  occurs  during  continuous  stimulation  with  moderate  level  primaries. 
These  results,  together  with  the  similar  effects  of  the  ATP  antagonist  suramin  reported  previously 
(Skellett  et  al.,  1997),  may  be  evidence  that  endogenous  ATP  acting  on  cells  in  the  organ  of  Corti 
alters  cochlear  mechanics. 

Keywords:  pyridoxal-phosphate-6-azophenyl-2',4'-disulphonic  acid;  PPADS;  ion  channels; 
otoacoustic  emissions;  Deiters’  cells;  pillar  cells;  outer  hair  cells;  Hensen’s  cell 
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1.  Introduction 


Adenosine  triphosphate  (ATP)  has  been  suggested  to  serve  as  a  neurotransmitter, 
neuromodulator,  cytotoxin  and  mitogen  in  various  systems  including  the  cochlea  (see:  Bobbin, 
1996;  Bobbin  et  al.,  1997a;  Bobbin  et  al.,  1997b;  Bumstock,  1990;  Eybalin,  1993).  Bobbin  and 
Thompson  (1978)  first  suggested  ATP  as  a  candidate  for  a  neurotransmitter  in  the  cochlea  based 
on  its  relative  potency  in  reducing  the  compound  action  potential  of  the  auditory  nerve(CAP). 
Kujawa  et  al.  (1994a)  demonstrated  that  ATP-y-S,  an  analogue  of  ATP  that  is  not  rapidly 
metabolized,  was  active  at  ionotropic  ATP  receptors  on  OHCs  and  it  also  was  one  of  the  most 
potent  compounds  studied  in  affecting  cochlear  potentials  when  instilled  into  the  perilymph 
compartment  of  guinea  pig  cochleas.  Among  the  many  effects  of  ATP-y-S  in  the  cochlea  was 
that  it  abolished  cubic  distortion  product  otoacoustic  emissions  (DPOAEs).  Active  and  passive 
mechanical  transduction  processes  in  the  cochlea  generate  DPOAEs  (Bobbin,  1996;  Brownell, 
1996;  Frank  and  Kossl,  1996).  Therefore,  the  suppression  of  the  DPOAEs  by  ATP-y-S  suggests 
that  activation  of  ATP  receptors  in  the  cochlea  has  powerful  effects  on  cochlear  mechanics. 

One  criterion  in  proving  that  a  physiological  response  is  due  to  a  given  substance,  is  that 
antagonists  of  the  substance  will  block  the  physiological  response  (e.g.,  Bobbin  et  al.,  1985).  Few 
studies  have  examined  the  effects  of  ATP  antagonists  on  cochlear  function.  Kujawa  et  al.  (1994b) 
demonstrated  that  the  ATP  antagonist  cibacron  blue  (Collo  et  al.,  1996;  Bumstock  and  Warland, 
1987)  abolished  the  cubic  DPOAE.  In  contrast  suramin,  another  ATP  antagonist,  had  no  effect 
on  the  cubic  DPOAE,  although  it  did  reduce  the  amplitude  of  the  summating  potential  (SP)  and 
the  CAP  (Kujawa  et  al.,  1994b).  Some  of  the  results  with  cibacron  were  recently  demonstrated  to 
be  probably  due  to  the  effects  of  the  drug  on  voltage  activated  ion  channels  in  OHCs  and  Deiters’ 
cells  (Skellett  et  al.,  1997).  Suramin  had  no  effect  on  these  channels  (Skellett  et  al.,  1997). 
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In  contrast  to  its  lack  of  effect  on  the  cubic  DPOAE,  suramin  reversibly  suppressed  the 
‘slow-decline’  in  amplitude  of  the  quadratic  DPOAE  that  occurs  in  response  to  continuous 
primary  presentation  (Skellett  et  al.,  1997).  In  addition,  suramin  shifted  the  intensity  function  of 
the  quadratic  DPOAE  to  the  left,  indicating  an  increased  magnitude  at  a  given  dB  SPL  of  the 
primaries.  It  was  speculated  that  this  data  indicated  that  endogenous  release  of  ATP,  acting  on 
ATP  receptors  on  Deiters’  cells,  may  underlie  this  ‘slow-decline’  in  amplitude  and  that  the  slow 
decline  was  a  reflection  of  the  effects  of  endogenous  ATP  on  cochlear  mechanics  (Skellett  et  al., 
1997).  However,  one  must  be  circumspect  in  attributing  the  effect  of  suramin  on  the  quadratic 
DPOAE  to  blockade  of  endogenous  ATP  as  suramin  has  been  reported  to  have  many  effects  other 
than  blockade  of  ATP  at  ATP  receptors.  For  instance,  suramin  has  been  reported  to  inhibit  the 
ectonucleotidases  (Bailey  and  Hourani,  1994;  Ziganshin  et  al.,  1995),  diacylglycerol  kinase  (Kopp 
and  Pfeiffer,  1990)  and  several  protein  tyrosine  phosphatases  (Ghosh  and  Miller,  1993).  Further 
evidence  as  to  the  mechanism  by  which  suramin  affects  the  quadratic  DPOAE  may  only  be 
obtained  by  examining  the  effects  of  additional  ATP  antagonists  on  this  phenomena.  Therefore, 
one  purpose  of  the  present  study  was  to  test  whether  pyridoxal-phosphate-6-azophenyl-2',4'- 
disulphonic  acid  (PPADS),  a  more  potent  ATP  antagonist  than  suramin  at  some  ATP  ionotropic 
receptors  (Collo  et  al.,  1996;  Ziganshin  et  al.,  1995),  would  exhibit  pharmacological  effects 
similar  to  those  of  suramin  on  DPOAEs  and  cochlear  potentials.  In  addition,  the  pharmacology  of 
PPADS  on  ATP  induced  currents  and  on  voltage  gated  ion  currents  at  the  level  of  the  single  cells 
in  the  organ  of  Corti  were  explored.  Preliminary  results  have  been  presented  (Bobbin  et  al., 
1997a). 
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2.  Methods 


2. 1  In  Vitro  Procedures 

2. 1. 1  Isolation  of  cells  from  the  organ  of  Corti 

OHCs,  Deiters’  cells,  Hensen’s  cells  and  pillar  cells  from  pigmented  guinea  pigs  were 
isolated  as  described  previously  (Chen  et  al.,  1995a,b).  The  cells  were  identified  by  well  known 
characteristic  anatomical  features.  Animals  were  anesthetized  with  pentobarbital  (35  mg/kg,  i.p.), 
decapitated,  and  the  bulla  separated  and  placed  in  a  modified  Hank's  balanced  saline  (HBS).  The 
bone  surrounding  the  cochlea  was  removed,  and  the  organ  of  Corti  was  placed  in  200  pi  of  HBS 
containing  collagenase  (1  mg/ml,  Type  IV,  Sigma)  for  5  min.  The  cells  were  then  isolated  and 
transferred  into  the  dishes  containing  a  150  pi  drop  of  HBS  using  a  microsyringe  and  stored  at 
room  temperature. 

2.1.2  Whole-cell  voltage  clamp 

Single  dispersed  guinea  pig  OHCs,  Deiters’  cells,  Hensen’s  cell  as  well  as  pillar  cells  were 
voltage  clamped  using  the  whole-cell  variant  of  the  patch-clamp  technique  (Hamill  et  al.,  1981) 
with  Axopatch  200A  patch-clamp  amplifiers  (Axon  Instruments).  Patch  electrodes  were 
fabricated  from  borosilicated  capillary  tubing  (Longreach  Scientific  Resources)  using  a 
micropipette  puller  (Sutter  Instrument  Co.),  and  fire  polished  on  a  microforge  (Narashige 
Scientific  Instrument  Lab.)  prior  to  use.  Membrane  currents  were  filtered  at  5  kHz  (-  3dB)  using 
a  four-pole  low-pass  Bessel  filter  digitized  with  a  12-bit  A/D  converter  (DMA  Interface,  Axon 
Instruments),  and  stored  for  off-line  analysis  using  a  pentium  microcomputer.  Voltage  paradigms 
were  generated  from  a  12-bit  D/A  converter  (DMA  Interface,  Axon  Instruments)  using  pClamp 
software  (Axon  Instruments).  After  establishment  of  the  whole-cell  configuration,  series 
resistance  and  cell  capacitance  compensation  were  carried  out  prior  to  recording  with  80  %  series 


5 


resistance  compensation  normally  applied.  No  subtraction  of  leakage  current  was  made. 

2.1.3  Solutions 

The  HBS  utilized  for  isolating  cells  and  perfusing  the  bath  contained  (in  mM):  NaCl,  145; 
KC1,  5.4;  CaCI2,  2.5;  MgCl2,  0.5;  KEPES,  10;  and  glucose,  10.  The  HBS  solution  was  adjusted 
to  a  pH  of  7.40  with  NaOH  and  to  300  rnOsm/kg  H20  with  sucrose.  The  K+  internal  solution 
contained  (in  mM):  KC1,  140;  MgCl2,  0.5;  HEPES,  5;  EGTA,  11;  CaCl2,  0.1;  Na^TP,  2;  and 
Na^TP,  0.1.  The  internal  solution  was  adjusted  to  a  pH  of  7.35  with  HC1  and  had  an  osmolality 
of  284  mOsm/kg  H20  adjusted  with  sucrose.  The  drugs  tested  were  freshly  prepared  at  desired 
concentrations  in  the  HBS  external  solution.  All  the  drug  solutions  were  delivered  from  a  U- 
tubing  system  as  described  previously  while  the  bath  was  continuously  exchanged  with  a  perfusion 
system  separate  from  the  U-tubing  system  (Chen  et  al.,  1995a,b).  All  experiments  were 
conducted  at  room  temperature  (22~24°C). 

2.2  In  vivo  Procedures. 

2.2.1  Subjects 

Experiments  were  performed  on  pigmented  guinea  pigs  of  either  sex  weighing  between 
250  and  400  g.  Anesthetized  animals  (urethane.  Sigma;  1.5  g/kg,  i.p.)  were  tracheotomized  and 
were  allowed  to  breath  unassisted.  ECG  and  rectal  temperature  were  monitored  throughout  each 
experiment  and  temperature  was  maintained  at  38  ±  1  °C  by  a  heating  pad.  Additional  urethane 
was  administered  as  required  to  maintain  an  adequate  depth  of  anesthesia.  Surgical  procedures 
have  been  described  previously  (Kujawa  et  al.,  1994a,b).  In  all  animals  the  right  auditory  bulla 
was  exposed  using  a  ventrolateral  approach  and  tendons  of  the  right  middle  ear  muscles  were 
sectioned. 
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2.2.2  Cochlear  perfusion  experiments 

Perfusions  were  carried  out  using  methods  described  previously  (Kujawa  et  al.,  1994a,b). 
The  artificial  perilymph  (AP)  had  a  composition  of  (in  mM):  NaCl,  137;  KC1,  5;  CaCl2,  2; 
NaH2P04,  1;  MgCl2,  1;  glucose,  11;  NaHC03,  12.  The  PPADS  was  mixed  with  the  AP  on  the 
day  of  use  at  desired  concentrations.  The  pH  of  all  solutions  was  adjusted  to  7.4  when  necessary. 
Perfusates  were  introduced  into  the  cochlear  perilymph  at  room  temperature  and  at  a  rate  of  2.5 
//1/min  for  15  min  through  a  hole  in  basal  turn  scala  tympani  and  were  allowed  to  flow  from  the 
cochlea  through  an  effluent  hole  placed  in  basal  turn  scala  vestibuli.  Effluent  was  absorbed  within 
the  bulla  using  small  cotton  wicks.  In  all  animals,  the  first  two  perfusions  were  of  AP  alone. 

These  perfusions  were  performed  to  achieve  a  stable  baseline  to  which  subsequent  alterations  in 
the  artificial  perilymph  and  drug-related  changes  could  be  compared.  These  perfusions  were 
followed  by  perfusions  of  the  AP  or  experimental  drug. 

2.2. 3  Gross  cochlear  and  auditory  nerve  potentials 

Methods  used  to  monitor  the  effects  of  multiple  perilymphatic  perfusions  on  sound- 
evoked  potentials  were  similar  to  those  described  previously  (Kujawa  et  al.,  1994a,  1994b).  The 
compound  action  potential  of  the  auditory  nerve  (CAP  amplitude;  N^Pj),  Nj  latency,  cochlear 
microphonic  (CM)  and  summating  potential  (SP)  were  recorded  from  the  right  cochlea  utilizing  a 
silver  wire  (teflon-coated  except  for  the  tip)  placed  in  basal  turn  scala  vestibuli.  The  evoked 
responses  were  amplified  (Grass,  PI 5,  gain  =  1000),  averaged  (over  20  trials)  and  stored  on  the 
computer  disk.  The  responses  were  evoked  by  10  kHz  tone  pips  (0.25  ms  rise/fall,  10  ms 
duration,  200  ms  interstimulus  interval).  Stimuli  were  computer  generated  (Tucker-Davis  TDT 
System  II  hardware),  transduced  by  a  speaker  and  delivered  through  a  hollow  earbar  to  the  right 
ear  of  each  animal  under  computer  control.  Intensity  was  increased  in  6  dB  steps  over  the  range  8 
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-  92  dB  SPL.  Custom  software  was  utilized  to  display  and  filter  the  composite  waveform  (CAP, 
Nj  latency,  SP:  low  pass  to  2  kHz;  CM:  7.5  - 15  kHz)  for  identification  of  CAP  threshold  and 
amplitudes  of  the  CAP,  CM  and  SP  components  and  Nj  latency  across  stimulus  intensities. 

2.2.4  DPOAE:  Stimulus  generation  and  response  monitoring 

The  instrumentation  employed  in  these  experiments  has  been  described  (Skellett  et  al., 
1997).  Briefly,  quadratic  (f2-fj  —  1.25  kHz)  and  cubic  (2f1-f2  -  5  kHz)  DPOAEs  were  elicited  by 
equilevel  primary  stimuli  (fj  =  6.25kHz;  f2  =  7.5  kHz)  sent  to  two  separate  speakers  housed  within 
an  acoustic  probe  assembly.  The  acoustic  probe  assembly  was  tightly  coupled  directly  to  the  right 
ear  of  each  animal.  The  DPOAEs  were  detected  by  a  microphone  also  housed  within  the  probe 
assembly  and  amplified  using  a  microphone  preamplifier  and  sent  to  a  dynamic  signal  analyzer  for 
fast  Fourier  transform  analysis  (averaging  10  discrete  spectra)  and  spectral  display  (span  =  1  kHz; 
CF  =  DP  frequency;  BW  =  3.75  Hz).  The  noise  floors  associated  with  these  display  windows 
averaged  approximately  -15  dB  SPL  for  the  f2-fj  DPOAE  and  -18  dB  SPL  for  the  2^-fj  DPOAE 
when  measured  at  points  ±50  Hz  from  the  DPOAE  frequency. 

As  described  previously  (Kujawa  et  al.,  1995,  1996),  continuous,  moderate-level,  primary 
stimulation  (ft  =  6.25  kHz,  f2  =  7.5  kHz,  Lj  =  L2  =  60  dB  SPL)  generated  a  standard  pattern  of 
time-varying  alterations  in  the  amplitude  of  the  quadratic  (fj-^  =  1 .25  kHz)  DPOAE.  One 
hundred  consecutive  10-spectra  averages  of  distortion  product  amplitude  were  obtained  during 
continuous  primary  stimulation.  Each  of  these  averages  required  approximately  5  s  to  complete 
for  a  total  of  500  s  (8.3  min)  of  stimulation.  The  primary  tones  were  then  simultaneously  turned 
off  and  there  was  a  1  min  rest  from  primary  stimulation.  Following  this  rest,  the  primaries  were 
re-introduced  and  40  consecutive  10-spectra  averages  of  distortion  product  amplitude  were 
obtained  (total  time  approximately  200  s  or  3.3  min  of  stimulation). 
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At  least  a  15  min  period  of  rest  from  primary  stimulation  separated  each  test  condition 
from  the  next.  This  period  was  usually  the  time  (15  min)  during  which  the  cochlea  was  perfused. 
Immediately  (within  2  min),  after  the  perfusion  was  terminated,  the  primaries  were  turned  on  (60 
dB  SPL)  and  recording  of  the  time-varying  amplitude  of  the  quadratic  DPOAE  commenced. 
Following  this  recording,  without  any  intervening  rest,  the  level  of  the  primaries  was  increased 
from  60  to  70  dB  SPL  and  the  amplitude  growth  functions  for  the  quadratic  DPOAE  obtained  by 
decreasing  the  intensity  of  the  primaries  in  5  dB  steps  until  the  noise  floor  was  reached.  This  was 
immediately  followed  by  the  same  procedure  (descending  primary  intensity)  to  obtain  the 
amplitude  growth  functions  of  the  cubic  DPOAE. 

Effects  of  treatments  were  quantified  using  repeated  measures  analysis  of  variance 
(ANOVA)  and  Student  Newman  Keuls  multiple  range  test.  Pyridoxal-phosphate-6-azophenyl- 
2',4'-disulphonic  acid  (PPADS)  was  purchased  from  Research  Biochemicals  International  (Cat. 
No.  P-178)  and  was  used  the  same  day  that  it  was  placed  into  solution.  The  ATP  was  purchased 
from  Sigma.  The  care  and  use  of  the  animals  reported  on  in  this  study  were  approved  by 
LSUMC's  Institutional  Animal  Care  and  Use  Committee. 

3.  Results 

3. 1.  Effects  of  PPADS- on  A  TP-  and  voltage-evoked  responses  in  OHCs,  Deiters'  cells,  Hensen ’s 
cells  and  pillar  cells. 

As  described  previously  (e.g.,  Chen  et  al.,  1995a,b,  1997;  Skellett  et  al.,  1997;  Sugasawa 
et  al.,  1996b)  ATP  evoked  inward  currents  at  the  holding  potential  (Vh)  in  OHCs  (Vh  =  -60  mV), 
Deiters’  cells  (Vh  =  -80  mV)  and  Hensen’ s  cells  (-80  mV).  What  has  not  been  described  to  date 
is  the  large  ATP  (5  pM)  evoked  inward  currents  at  the  holding  potential  (Vh  =  -80  mV)  in  pillar 
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cells  that  we  observed  and  report  here. 

PPADS  (100  fM)  reduced  the  ATP  (10  /iM)  induced  peak  current  in  OHCs  by  8  ±  7  % 

(n  =  9)  compared  to  a  pre-PPADS  ATP  control  when  ATP  and  PPADS  were  co-applied  for  10  s 
by  the  U-tubing  system  (Fig.  1).  However,  following  a  1  min  wash  of  the  bath  after  the  co¬ 
application  of  ATP  and  PPADS,  ATP -induced  current  was  decreased  by  53  ±  7  %  (n  =  8) 
compared  to  control,  indicating  that  PPADS  may  be  an  open  channel  blocker  or  the  onset  of  the 
blocking  effect  of  PPADS  may  be  slow  as  reported  in  other  systems  (Collo  et  al.,  1996).  In 
addition,  the  blocking  effect  of  PPADS  was  not  reversed  with  continued  washing  of  the  bath 
during  the  time  (10  min)  that  the  OHCs  could  be  successfully  voltage  clamped  without 
deterioration  of  the  seal.  Thus  the  ATP-induced  response  was  still  reduced  by  59  ±  10  %  (n  =  4) 
10  min  after  the  co-application  of  ATP  and  PPADS  and  continous  washing  of  the  bath.  To  test 
whether  PPADS  is  an  open  channel  blocker,  PPADS  (100  //M)  was  applied  alone  for  10  s  by  the 
U-tube  system  (2  to  3  min  after  a  control  ATP  application).  Following  a  1  min  wash  out  of  the 
PPADS,  the  ATP  (10  yuM)-induced  response  was  completely  blocked  (98  ±  2  %;  n  =  4), 
suggesting  that  PPADS  is  not  an  open  channel  blocker  (Fig.  1).  PPADS  was  also  examined  for 
an  affect  on  the  voltage-gated  currents  in  OHCs.  As  shown  in  Fig.  2,  PPADS  (100  /^M)  had  no 
significant  effect  on  the  whole  cell  current  (n  =  4). 

The  effect  of  PPADS  on  ATP -gated  current  was  also  tested  in  Deiters1  cells.  As 
illustrated  in  Fig.  3,  a  co-application  of  ATP  (5  ^uM)  and  PPADS  (100  (jM)  for  10  s  by  way  of  the 
U-tube  did  not  decrease  the  ATP -gated  peak  current  but  rather  increased  it.  by  7  ±  13  %  (n  =  14) 
compared  to  a  pre-PPADS  ATP  control.  However,  the  current  induced  during  the  ATP/PPADS 
application  decayed  much  faster  compared  to  the  control  ATP-induced  current  (Fig.  3).  The 
ATP-induced  current  was  reduced  by  94  ±  1  %  (n  =  14)  when  the  ATP  was  applied  1  min  after 
washout  of  the  co-applied  ATP  and  PPADS  (Fig.  3).  Similar  to  the  effect  of  PPADS  in  OHCs, 
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this  blocking  effect  of  PPADS  in  Deiters’  cells  was  slow  to  reverse  with  washing.  The  ATP- 
induced  response  was  still  blocked  by  83  ±4  %  (n  =  6)  after  10  min  of  washing  (Fig.  3)  and  63  ±  5 
%  (n  =  4)  after  20  min  of  washing.  When  PPADS  (100  /z  M)  was  applied  alone  to  the  Deiters’ 
cells  for  10  s  by  the  U-tube,  the  ATP  (5  /zM)-induced  current  was  almost  completely  blocked  (93 
±  3  %;  n  =  7)  1  min  after  the  application  of  PPADS,  further  indicating  that  the  onset  effect  of 
PPADS  was  slow  and  PPADS  is  not  an  open  channel  blocker  (Fig.  3).  The  effect  of  PPADS  on 
voltage-gated  currents  in  Deiters’  cells  was  also  monitored.  As  indicated  in  Fig.  4,  100  /zM 
PPADS  did  not  significantly  affect  the  whole  cell  current  in  Deiters’  cells  (n  =  5). 

The  effect  of  PPADS  on  ATP -gated  current  in  another  type  of  supporting  cell,  Hensen’s 
cells,  was  also  examined.  The  ATP-induced  current  response  in  Hensen’s  cells  was  different  from 
that  in  Deiters’  cells.  An  application  of  ATP  (5  /zM)  induced  a  biphasic  inward  current  in 
Hensen’s  cells  (Fig.  5).  This  response  is  similar  to  that  observed  by  others  in  these  cells 
(Sugasawa  et  al.,  1996b).  In  the  Hensen’s  cells,  PPADS  increased  the  ATP-induced  peak  current 
by  47  ±  21  %  (n  =  10)  when  the  ATP  (5  /zM)  and  PPADS  (100  /zM)  were  co-applied  by  the  U- 
tube  for  10  s  compared  to  a  control  ATP  application  (Fig.  5).  However,  similar  to  Deiter’s  cells, 
the  current  induced  during  the  ATP/PPADS  application  decayed  much  faster  compared  to  the 
control  ATP-induced  current  (Fig.  5).  Similar  to  the  effects  in  OHCs  and  Deiters’  cells,  the  ATP- 
induced  current  was  reduced  by  92  ±2  %  (n  =  9)  when  applied  following  a  1  min  washout  of  the 
ATP/PPADS  combination  (Fig.  5).  In  contrast  to  all  of  the  other  cells  tested,  the  blocking  effect 
of  PPADS  in  Hensen’s  cells  was  reversed  to  the  greatest  extent  with  continuous  washing  of  the 
bath  (Fig.  5).  The  ATP-induced  current  was  reduced  by  only  47  ±  13  %  (n  =  8)  after  10  min  of 
wash  and  by  only  1 1  ±  17  %  (n  =  8)  after  20  min  of  wash  out  of  the  co-applied  ATP  and  PPADS. 
One  min  after  the  application  of  PPADS  (100  /zM)  alone  for  10s  by  the  U-tube,  the  ATP  (5  /zM)- 
induced  response  was  blocked  (92  ±  5  %;  n  =  5;  Fig.  5).  In  addition,  as  shown  in  Fig.  6,  PPADS 
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did  not  have  a  detectable  effect  on  the  whole  cell  current  in  Hensen’s  cells  (n  =  4). 

An  ATP -gated  current  response  was  also  discovered  in  pillar  cells,  another  type  of 
supporting  cell  in  the  organ  of  Corti.  A  large  inward  current  was  induced  at  holding  potential  of - 
80  mV  with  the  application  of  ATP  (5  yuM)  for  10  s  by  the  U-tube  to  pillar  cells  (Fig.  7).  A  co¬ 
application  of  ATP  (5  yuM)  with  PPADS  (100  pM)  by  the  U-tube  for  10  s  resulted  in  an  increase 
in  the  peak  current  by  30  ±  21  %  (n  =  5)  compared  to  an  ATP  control  (Fig.  7).  However,  similar 
to  Deiter’s  cells  and  Hensen’s  cells,  the  current  induced  during  the  ATP/PPADS  application 
decayed  much  faster  compared  to  the  control  ATP-induced  current  (Fig.  7).  Similar  to  the  effect 
observed  in  OHCs,  Deiters’  cell  and  Hensen’s  cells,  the  ATP-induced  current  in  pillar  cells  was 
blocked  (86  ±  6  %;  n  =  5)  following  a  1  min  washout  of  the  drug  combination  (Fig.  7).  The 
degree  of  reversal  of  the  blocking  effect  of  PPADS  in  pillar  cells  varied  greatly  with  continuous 
washing  of  the  bath  (Fig.  7).  The  ATP-induced  current  was  reduced  by  only  47  ±  32  %  (n  =  4) 
after  10  min  of  wash  and  by  only  50  ±  28  %  (n  =  4)  after  20  min  of  wash  out  of  the  co-applied 
ATP  and  PPADS.  One  min  after  the  application  of  PPADS  (100  //M)  alone  for  10  s  by  the  U- 
tube,  the  ATP  (5  yuM)-induced  current  was  blocked  (96  ±  2  %;  n  =  3).  In  addition,  PPADS  (100 
/zM)  did  not  change  the  whole  cell  current  in  pillar  cells  (n  =  3;  Fig.  8). 

3.2.  Effects  of  PPADS  on  cochlear  potentials 

A  standard  perfusion  protocol  similar  to  that  previously  described  was  employed  (Kujawa 
et  al.,  1994a;  1996).  First,  two  or  more  15  min  perfusions  of  artificial  perilymph  (AP)  alone  were 
performed.  These  were  followed  by  successive  1 5  min  perfusions  with  increasing  concentrations 
of  drug.  Then  AP  was  used  to  wash  (15  min)  the  drug  from  the  perilymphatic  space.  In  general, 
responses  measured  following  the  AP  perfusion  just  before  drug  served  as  the  pre-drug  post 
perfusion  baseline  to  which  all  drug-related  changes  recorded  immediately  following  drug 
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perfusions  were  compared.  Measurements  were  made  within  2  min  of  terminating  the  perfusions. 
Because  we  have  published  the  lack  of  effect  of  multiple  perfusions  of  this  artificial  perilymph  on 
the  cochlear  potentials  previously  (Kujawa  et  al.,  1994a),  only  one  multiple  artificial  perilymph 
perfusion  was  carried  out  to  confirm  that  the  vehicle  itself  induced  no  change. 

PPADS  was  tested  on  the  intensity  functions  of  CAP,  SP,  CM  and  the  N:  latency  (n  =  5 
animals).  Multiple  15  min  perfusions  of  PPADS  in  a  cumulative  manner  (0.033,  0.10,  0.33,  1.0 
mM)  produced  slight,  non-significant  changes  in  the  magnitude  of  the  CAP  evoked  by  low 
intensity  sound  (38  dB  SPL;  Figs.  9  and  10).  PPADS  induced  a  significant  suppression  of  CAP 
evoked  by  high  intensity  sound  (92  dB  SPL;  Figs.  9  and  10)  starting  at  1.0  mM  with  no  recovery 
following  two  washes  with  AP  (Figs.  9  and  10;  n  =  5  animals).  In  contrast  to  CAP  magnitude,  N1 
latency  was  significantly  prolonged  at  all  intensities  (Figs.  9  and  10)  by  1  mM  PPADS  and  the 
effect  was  not  reversed  by  two  washes  with  AP.  The  most  sensitive  potential  was  high  intensity 
sound  evoked  SP  which  was  suppressed  significantly  by  0.330  and  1.0  mM  PPADS  in  a  reversible 
manner  (Fig.  9  and  10).  Surprisingly,  low  intensity  sound  evoked  SP  was  less  sensitive  being 
reversibly  suppressed  only  by  1  mM  PPADS  (Figs.  9  and  10).  CM  was  not  affected  by  the 
PPADS  (Figs.  9  and  10). 

3.3.  Effects  of  PPADS  on  DPOAEs. 

The  typical  effect  of  continuous  low  level  primary  stimulation  on  quadratic  (f2-  ft ) 

DPOAE  amplitude  is  shown  in  Fig.  1 1  following  the  second  artificial  perilymph  perfusion  (AP2). 
Six  points  (A  -  F)  were  identified  on  each  response  amplitude  function  (Fig.  1 1).  These  values 
were  used  to  characterize  the  response  as  previously  described  (Kujawa  et  al.,  1996).  They 
include  an  initial  value  (A),  an  "on-effect"  (A  -  B),  a  "slow-decline"  (B  -  C),  an  "off-effect"  (C  - 
D)  and  a  "second  on-effect"  (D  -  E).  Because  of  the  difficulty  in  defining  points  B  and  E,  it  was 
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omitted  in  the  statistics.  We  have  published  the  lack  of  effect  of  multiple  perfusions  of  this 
artificial  perilymph  on  the  quadratic  DPOAE  previously  (Kujawa  et  al.,  1996),  therefore  no 
multiple  artificial  perilymph  perfusions  were  carried  out  in  the  present  study  to  confirm  that  the 
vehicle  itself  induced  no  change. 

PPADS  perfused  (15  min)  through  the  cochlea  in  a  cumulative  dose  manner  significantly 
(330  and  1  raM)  reduced  the  absolute  amplitude  of  the  quadratic  distortion  product  measured 
after  the  15  min  of  silence  at  point  A,  the  “initial  value”  (Figs.  11  and  12;  n  =  6  animals).  Also, 
PPADS  had  such  complex  effects  on  the  ‘on  effect’  that  it  was  not  treated  statistically  (point  B). 
In  addition,  PPADS  attenuated  (0.330  mM)  or  reversed  (0.33  to  1  mM)  the  ‘slow-decline’(points 
A  -  C)  in  the  quadratic  DPOAE  induced  by  continuous,  moderate  primary  stimulation  (Figs.  11 
and  12;  n  =  6  animals).  The  reversal  following  1  mM  PPADS  is  seen  in  Fig.  12  as  a  statistically 
significant  suppression  of  point  A  while  point  C  is  not  significantly  different  from  control  (AP2). 

The  amplitude  growth  functions  for  the  quadratic  DPOAE  (f2-ft  =  1.25  kHz)  obtained 
immediately  after  the  PPADS  perfusions  and  the  above  measurements  (i.e.,  Fig.  11)  were 
unchanged  compared  to  those  obtained  after  the  AP2  values  except  for  two  values  (i.e.,  an 
increase  in  the  30  dB  SPL  at  1  mM;  a  decrease  in  the  70  dB  SPL  value  at  0.33  mM;  Figs.  13  and 
14 ).  The  general  lack  of  effect  of  1  mM  PPADS  most  probably  reflects  the  PPADS  induced 
attenuation  and  reversal  of  the  ‘slow-decline’  in  the  quadratic  DPOAE  during  continuous 
exposure  to  the  primaries.  In  addition,  there  were  statistically  significant  increases  at  only  three 
points  in  the  amplitude  growth  functions  of  the  cubic  DPOAE  (2ft-f2  =  5  kHz;  i.e.,  35  and  55  dB 
SPL  at  0.33  mM;  35,  55  and  60  dB  SPL  at  1.0  mM:  Figs.  13  and  14).  In  a  few  individual 
animals,  the  growth  functions  of  both  the  quadratic  and  cubic  DPOAE  were  shifted  to  the  left 
(Bobbin  et  al.,  1997a),  but  the  large  variance  in  the  occurrence  of  this  shift  resulted  in  few 
statistically  significant  changes  in  the  mean  values. 
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4.  Discussion 


Results  demonstrate  that  PPADS,  a  drug  previously  shown  to  block  ATP  at  P2X1,  P2X2, 
P2X3,  and  P2X5  ionotropic  receptors  in  other  systems  (Buell  et  al.,  1996;  Collo  et  ah,  1996; 
Ziganshin  et  ah,  1995),  reduces  ATP  gated  currents  in  acutely  isolated  OHCs,  Deiters'  cells, 
Hensen’s  cells  and  pillar  cells.  To  the  best  of  our  knowledge  this  is  the  first  report  demonstrating 
the  presence  of  ionotropic  ATP  receptors  on  pillar  cells  and  the  block  of  the  ionotropic  effects  of 
ATP  by  PPADS  in  pillar  cells,  Deiters’  cells,  OHCs  and  Hensen’s  cells.  In  addition,  this  is  the 
first  report  demonstrating  that  the  peak  current  induced  by  ATP  is  increased  when  coapplied  with 
PPADS  in  supporting  cells.  However,  the  ATP  evoked  current  in  response  to  the  subsequent 
application  of  ATP  alone  was  greatly  reduced  indicating  that  the  onset  of  the  PPADS  block  is 
slow,  consistent  with  the  results  reported  by  others  (Buell  et  ah,  1996).  The  ATP  induced 
response  was  almost  completely  blocked  by  a  pretreatment  with  PPADS  alone  suggesting  that 
PPADS  is  not  an  open  channel  blocker.  The  ionotropic  effect  of  ATP  described  here  confirms 
previous  work  of  others  on  OHCs  ( Ashmore  and  Ohmori,  1990;  Chen  et  ah,  1995a,b,  1997; 
Dulon  et  ah,  1993;  Dulon,  1995;  Housley  et  ah,  1992;  Kakehata  et  ah,  1993;  Kujawa  et  ah, 

1994b;  Nakagawa  et.  ah,  1990;  Nilles  et  ah,  1994)  and  Deiters’  cells  (Chen  et  ah,  1997;  Dulon, 
1995;  Skellett  et  ah,  1997)  and  Hensen’s  cells  (Sugasawa  et  ah,  1996b). 

In  the  cochlea,  the  P2X2  like  nucleotide  (mRNA)  sequence  has  been  localized  to  rat 
Deiters’  cells  (Glowatzki  et  ah,  1995),  rat  organ  of  Corti  (Housley  et  ah,  1995;  Brandle  et  ah, 
1997)  and  guinea  pig  organ  of  Corti  (Parker  et  ah,  1997).  To  date,  P2Y  ATP  receptors 
(metabotropic  or  G  protein  coupled)  have  been  only  indirectly  suggested  to  be  present  in  the  cells 
of  the  organ  of  Corti  (Deiters’  cells,  Dulon,  1995;  Hensen’s  cells,  Sugasawa  et  ah,  1996b),  while 
stronger  evidence  for  their  presence  in  the  stria  vascularis  has  been  presented  (Liu  et  ah,  1995; 
Suzuki  et  ah,  1995;  White  et  ah,  1995).  Both  the  prolonged  onset  and  wash  out  that  we  observed 
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with  PPADS  in  vitro  on  OHCs,  Deiters’  cells,  Hensen’s  cells  and  pillar  cells  are  characteristic  of 
some  types  of  the  P2X  receptor  proteins,  such  as  the  P2X2  (Buell  et  al.,  1996;  Collo  et  al.,  1996). 
The  slow  kinetics  of  these  P2X  receptors  have  been  attributed  to  the  presence  of  lysine  at  position 
246  in  the  receptor  protein  (Buell  et  al.,  1996;  Collo  et  al.,  1996).  Parker  et  al.  (1997)  reported 
an  arginine,  which  should  behave  similarly  to  lysine,  in  position  246  in  the  P2X2  sequence  they 
found  in  guinea  pig  organ  of  Corti.  The  relatively  faster  wash  out  of  PPADS  from  Hensen’s  cells 
may  indicate  that  a  P2X  receptor  protein  significantly  different  from  the  one  present  in  OHCs, 
Deiters’ s  cells  and  pillar  cells  is  present  in  Hensen’s  cells.  Whether  this  is  the  case  will  be 
determined  by  future  studies  of  the  distribution  of  various  P2X  receptors  in  the  cells  of  the  organ 
of  Corti. 

PPADS,  had  no  effect  on  voltage  gated  currents  recorded  from  OHCs,  Deiters’  cells, 
Hensen’s  cells  or  pillar  cells.  Suramin  also  had  no  effect  on  these  currents  in  OHCs  or  Deiters’ 
cells  (Skellett  et  al.,  1997).  Cibacron  blue,  an  additional  ATP  antagonist,  has  been  demonstrated 
to  have  large  effects  on  voltage  activated  potassium  currents  in  both  OHCs  and  Deiters’  cells 
(Skellett  et  al.,  1997).  Cubic  DPOAEs  are  sensitive  to  changes  in  ion  concentrations  in  perilymph 
and  to  drugs  that  affect  ion  channels  (e.g.,  Kujawa  et  al.,  1996).  Cibacron  (Kujawa  et  al.,  1994b) 
but  not  PPADS  or  suramin  reduced  the  magnitude  of  the  cubic  DPOAE.  The  minimal  effect  of 
PPADS  and  lack  of  effect  of  suramin  on  the  cubic  DPOAE  may  be  additional  evidence  that  in 
contrast  to  cibacron,  PPADS  and  suramin  have  no  effects  on  voltage  gated  ion  channels  in  cells  in 
the  organ  of  Corti.  Overall  it  appears  that  both  suramin  and  PPADS  are  relatively  more  selective 
than  cibacron  blue  in  blocking  the  ionotropic  P2X  type  of  ATP  receptor  protein  (Skellett  et  al., 
1997). 

It  appears  that  the  efferent  transmitters,  acetylcholine  and  GABA,  are  not  involved  in 
generating  the  time  varying  amplitude  changes  of  the  quadratic  DPOAE  that  occur  during 
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continuous  stimulation  with  moderate  level  primaries  (Kirk  and  Johnstone,  1993;  Lowe  and 
Robertson,  1995;  Kujawa  et  al.  1995,  1996).  In  a  previous  study  (Skellett  et  al.,  1997),  suramin 
perfused  through  the  perilymph  compartment  attenuated  or  reversed  the  slow  decline  in  the  time 
varying  amplitude  changes  of  the  quadratic  DPOAE.  Therefore,  it  was  tentatively  suggested  that 
possibly  extracellular  ATP  acting  as  a  neuromodulator  was  involved  in  the  amplitude  changes  of 
the  quadratic  DPOAE  (Skellett  et  al.,  1997).  Due  to  the  reversal  of  the  slow  decline  by  suramin, 
the  magnitude  of  the  subsequently  recorded  intensity  functions  of  the  quadratic  DPOAEs  were 
enhanced.  The  cubic  DPOAE  was  not  affected  by  suramin  (Skellett  et  al.,  1997).  In  the  present 
study,  PPADS  reduced  the  initial  value  of  the  quadratic  DPOAE  (point  A  in  Fig.  11)  which  was 
not  observed  with  suramin  (Skellett  et  al.,  1997).  Like  suramin,  PPADS  attenuated  the  slow 
decline  at  0.33  mM  and  reversed  the  decline  into  a  slow  rise  (1  mM;  Fig.l  1).  However,  the  slow 
changes  induced  by  PPADS  were  superimposed  on  the  drop  in  the  initial  value  (point  A  in  Fig. 

1 1),  so  the  final  values  (point  F  in  Fig.  1 1  for  1  mM  PPADS)  did  not  exceed  the  control  final 
values  (point  F  in  Fig.  1 1  for  AP2).  We  guess  that  this  is  the  reason  for  the  lack  of  a  general 
overall  enhancement  of  the  subsequently  recorded  intensity  functions  of  the  quadratic  DPOAE 
following  PPADS.  The  differences  between  the  effects  of  the  two  drugs  may  simply  reflect  the 
greater  potency  of  PPADS  in  blocking  ATP  (Collo  et  al.,  1996;  Skellett  et  al.,  1997).  The  fact 
that  PPADS  affects  the  time  varying  amplitude  changes  of  the  quadratic  DPOAE  that  occur 
during  continuous  stimulation  with  moderate  level  primaries  in  a  manner  that  is  similar  to  suramin 
may  be  taken  as  additional  evidence  that  ATP  acting  as  a  neuromodulator  plays  a  role  in 
generating  the  amplitude  changes. 

In  the  present  study,  the  cochlear  potentials  were  affected  by  PPADS  as  they  were 
affected  by  suramin  in  the  study  by  Kujawa  et  al.  (1994b).  Both  drugs  had  no  effect  on  CM  and 
suppressed  high  intensity  SP.  PPADS  suppressed  high  intensity  SP  to  a  greater  degree  than 
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suramin  and  PPADS  had  a  slightly  significant  effect  on  low  intensity  SP  while  suramin  did  not. 
Therefore,  it  appears  that,  In  general,  PPADS  had  a  similar  but  greater  effect  on  SP  than  suramin. 
This  would  be  predicted  from  the  fact  that  PPADS  is  about  twice  as  potent  an  ATP  antagonist  as 
suramin  at  the  P2X2  type  of  ATP  receptors  studied  by  Collo  et  al.  (1996).  PPADS  was 
definitely  much  more  effective  than  suramin  in  blocking  ATP  in  OHCs  and  Deiters’  cells  in  our 
hands  (Skellett  et  al.,  1997).  While  the  ATP  antagonists,  suramin  and  PPADS,  decrease  the  value 
of  high  intensity  sound  evoked  SP,  the  ATP  agonists,  ATP,  ATPyS  and  others,  increase  it, 
possibly  indicating  that  both  sets  of  drugs  are  acting  at  the  same  site  (Kujawa  et  al.,  1994a). 

Since  the  effect  of  PPADS  on  SP  was  readily  reversed  with  washing,  then  it  may  be  related  to  the 
time  varying  amplitude  changes  in  the  quadratic  DPOAE  which  were  also  readily  reversed. 

In  contrast  to  the  greater  potency  of  PPADS  compared  to  suramin  on  SP  and  DPOAEs, 
suramin  was  more  potent  in  suppressing  CAP  and  prolonging  N1  latency  than  PPADS.  Suramin 
induced  a  significant  shift  in  CAP  magnitude  at  0.1  mM  and  almost  totally  abolished  the  CAP  at  1 
mM  (Kujawa  et  al.,  1994b),  whereas  PPADS  had  only  a  slight  effect  on  CAP  and  that  was  at  1 
mM  and  at  high  intensity  sound  evoked  responses.  PPADS  did  have  a  fairly  large  effect  on  N1 
latency  at  ImM  that  was  not  reversed  with  washing.  Likewise  most  of  the  increases  in  the  cubic 
DPOAE  amplitudes  induced  by  PPADS  were  not  reversed  with  washing  (Fig.  14).  Thus  the 
effect  of  PPADS  on  N1  latency  and  on  the  cubic  DPOAE  amplitudes  may  be  due  the  same 
cellular  mechanisms.  The  effect  of  suramin  on  CAP  may  be  due  to  a  pharmacological  effect  that 
is  not  exhibited  by  PPADS. 

In  the  previous  study  of  suramin  (Skellett  et  al.,  1997)  and  in  this  study  of  PPADS, 
cochlear  mechanics  were  monitored  by  measuring  DPOAEs.  DPOAEs  are  generated  by  a 
combination  of  both  passive  cochlear  mechanics  and  active  cochlear  mechanics  (i.e.,  the  cochlear 
amplifier).  The  latter  is  believed  to  be  brought  about  by  a  change  in  length  of  the  OHCs  that  are 
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coupled  to  Deiters’  cells  (e.g.,  Brownell,  1996;  Bobbin,  1996;  Frank  and  Kossl,  1996).  We 
argued  previously  that  the-  action  of  suramin  on  cochlear  mechanics  was  due  to  the  blockade  of 
endogenous  ATP  acting  on  ionotropic  receptors  on  Deiters’  cells  (Skellett  et  al.,  1997).  This 
hypothesis  was  chosen  because,  although  almost  every  cell  in  the  organ  of  Corti  has  ionotropic 
ATP  receptors,  many  authors  have  presented  evidence  that  the  receptors  are  on  the 
endolymphatic  side  of  OHCs,  Hensen’s  cells  and  IHCs  and  therefore  not  accessible  to  suramin 
delivered  to  the  perilymph  (e.g.,  OHCs,  Housley  et  al.,  1992;  Deiters’  cells,  Dulon,  1995; 
Hensen’s  cells,  Sugasawa  et  al.,  1996b;  IHCs,  Sugasawa  et  al.,  1996a).  As  shown  here  even 
pillar  cells  have  these  receptors  but  the  receptor  location  was  not  determined.  If  the  receptors  on 
any  of  the  cells  are  on  a  portion  of  the  cells  bathed  by  perilymph,  it  is  possible  that  the  in  vivo 
effects  of  PPADS  and  suramin  on  the  DPOAEs  described  here  may  be  due  to  blockade  of  ATP 
activation  of  those  receptors.  Therefore,  a  definitive  statement  as  to  the  cells  responding  to 
PPADS  and  suramin  in  vivo  cannot  be  made  until  the  receptors  are  localized.  However,  we 
speculate  that  given  the  successful  wash  out  of  the  effects  of  PPADSs  on  the  time  varying 
amplitude  change  in  the  quadratic  DPOAE  and  SP,  it  is  possible  that  these  effects  were  due  to  the 
block  of  endogenous  ATP  where  the  in  vitro  effects  of  PPADS  were  readily  reversed  (e.g., 
Hensen’s  cells).  In  contrast,  the  effect  of  PPADS  onNl  latency,  CAP  amplitude  and  cubic 
DPOAE  intensity  functions  were  not  readily  reversed  and  may  be  due  to  the  block  of  ATP  at 
other  cells  in  the  organ  of  Corti  where  the  drug  was  not  readily  reversed  in  vitro  (e.g.,  OHCs, 
pillar  cells  or  Deiters’  cells). 

The  source  of  the  ATP  acting  on  the  ionotropic  receptors  on  OHCs,  pillar  cells,  Deiters’ 
cells  and  Hensen’s  cells  is  unknown.  Recently,  Wangemann  (1996)  and  Wangemann  and  Marcus 
(1994)  demonstrated  release  of  ATP  from  cells  of  the  isolated  organ  of  Corti  though  no  particular 
cell  was  determined  as  the  release  site.  OHCs  are  well  known  to  be  innervated  by  both  afferent 
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and  efferent  nerve  fibers.  Burgess  et  al.  (1997)  demonstrated  nerve  fiber  innervation  of  the 
Deiters’  cells  and  Hensen’s  cells.  Whether  these  nerve  fibers  are  the  source(s)  of  the  ATP  acting 
on  ATP  receptors  on  these  cells  in  the  organ  of  Corti  has  not  been  demonstrated.  No  innervation 
of  pillar  cells  has  been  demonstrated.  On  the  other  hand,  the  source  of  the  ATP  may  not  be 
neuronal  since  acute  efferent  nerve  sectioning  and  tetrodotoxin  have  no  effect  on  the  time  varying 
amplitude  change  in  the  quadratic  DPOAE  (Lowe  and  Robertson,  1995;  Kujawa  et  al.  1995, 
1996). 

In  summary,  in  this  study,  PPADS,  exhibited  some  of  the  same  actions  as  were  found  for 
suramin  in  a  pr^vios^udy  by  Skellett  et  al.  (1997),  together  with  some  differences.  Both  drugs 
blocked  the  ATP  induced  inward  currents  in  OHCs,  and  Deiters’  cells  without  an  affect  on  the 
voltage  activated  currents  in  these  cells.  In  addition,  PPADs  blocked  ATP  induced  currents  in 
pillar  cells  and  Hensen’s  cells.  In  vivo  suramin  attenuated  and  reversed  the  ‘slow-decline’  in  the 
amplitude  of  the  quadratic  DPOAE  induced  by  moderate,  continuous  primary  stimulation  without 
an  effect  on  the  ‘initial  value’.  PPADS  suppressed  the  ‘initial  value’  and  attenuated  or  reversed 
the  ‘slow-decline’.  Both  PPADS  and  suramin  reduced  the  magnitude  of  the  SP.  The  effects  of 
PPADS  on  the  quadratic  DPOAE  and  SP  were  readily  reversed  with  washing.  In  addition, 
PPADS  suppressed  high  intensity  CAP,  N1  latency  at  all  intensities  and  enhanced  the  cubic 
DPOAE  at  a  few  intensities.  These  later  actions  of  PPADS  were  not  reversed  with  washing  and 
therefore  may  be  due  to  actions  of  PPADS  at  sites  different  from  those  inducing  the  reversible 
responses.  In  general,  we  speculate  that  the  ATP  antagonists,  suramin  and  PPADS,  block 
endogenous  ATP  acting  on  ionotropic  ATP  receptors  on  cells  in  the  organ  of  Corti  and  so  induce 
the  effects  observed. 
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Fig.  legends: 

Fig.  1.  Effects  of  PPADS  on  ATP  gated  current  in  OHCs.  a.  ATP  (10  pM)  induced  inward 
current  recorded  from  an  OHC  when  applied  by  the  U-tube  for  10  s  as  indicated  by  the  horizontal 
bar.  b.  Co-application  of  ATP  (10  pM)  and  PPADS  (100  pM)  in  the  same  cell  as  in  a  reduced 
the  ATP  induced  current  slightly,  c.  ATP  (10  pM)  induced  current  response  recorded  following 
1  min  of  washing  out  the  co-applied  drugs  in  b  is  reduced  compared  to  the  response  to  ATP  in  a. 
d.  ATP  induced  current  response  following  10  min  of  the  wash  demonstrates  no  recovery  of  the 
response  to  ATP.  Current  traces  from  a  to  d  are  from  the  same  cell  and  Vh  was  -60  mV.  e. 

ATP  (10  pM)  induced  inward  current  recorded  from  another  OHC.  f.  Application  of  PPADS 
(100  /iM)  alone  by  the  U-tube  for  10  s.  g.  ATP  induced  current  response  is  blocked  when 
applied  following  1  min  of  washing  out  the  PPADS.  h.  ATP  induced  current  following  10  min  of 
washing  demonstrates  no  recovery.  Current  traces  from  e  to  h  are  from  the  same  cell  and  Vh  was 
-60  mV.  The  dashed  line  is  inserted  as  a  visual  aid  only. 

Fig.  2.  Lack  of  effect  of  PPADS  on  voltage-gated  currents  in  OHCs.  Current  was  elicited  by 
100  ms  steps  from  -120  to  50  mV  from  a  holding  potential  of -60  mV.  a  and  b  show  current 
records  in  the  absence  and  presence  of  PPADS  (100  /zM).  c.  No  difference  is  seen  in  the  current- 
voltage  (I-V)  relationships  constructed  from  a  and  b.  Current  amplitude  was  measured  50  ms 
after  the  onset  of  the  pulses. 
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Fig.  3.  Effects  of  PPADS  on  ATP -gated  currents  in  Deiters’  cells,  a.  ATP  (5  pM)  induced 
inward  current  recorded  from  a  Deiters’  cell.  b.  Co-application  of  ATP  (5  /jM)  and  PPADS  (100 
pM)  enhanced  the  peak  current  induced  by  ATP  but  reduced  the  duration  of  the  current,  c.  ATP 
(5  pM)  induced  current  response  recorded  following  1  min  of  washing  out  the  co-applied  drugs  in 
b  is  almost  completely  blocked  compared  to  the  response  to  ATP  in  a.  d.  ATP  induced  current 
following  10  min  of  the  wash  demonstrates  some  recovery  of  the  response  to  ATP.  Current 
traces  from  a  to  d  are  from  the  same  cell  and  Vh  was  -80  mV.  e.  ATP  (5  pM)  induced  inward 
current  recorded  from  another  Deiters’  cell.  f.  Application  of  PPADS  (100  \i. M)  alone  by  the  U- 
tube  for  10  s.  g.  ATP  induced  current  response  is  blocked  when  applied  following  1  min  of 
washing  out  the  PPADS.  h.  ATP  induced  current  following  20  min  of  washing  demonstrates 
some  recovery.  Current  traces  from  e  to  h  are  from  the  same  cell  and  Vh  was  -80  mV.  The 
dashed  line  is  inserted  as  a  visual  aid  only. 

Fig.  4.  Lack  of  effect  of  PPADS  (100  pM)  on  voltage-gated  currents  in  Deiters’  cells,  a. 

Current  traces  recorded  from  a  Deiters’  cell  in  the  absence  and  presence  of  PPADS  (100  pM). 
Current  was  evoked  by  100  ms  steps  from  -80  to  60  mVand  repolarized  to  -40  mV  from  a 
holding  potential  of -70  mV.  b.  Current-voltage  (I-V)  curves  were  constructed  from  records  in  a 
measured  at  2  ms  before  the  termination  of  varying  votage  steps,  c.  Superimposed  tail  current 
traces  recorded  in  the  absence  and  presence  of  PPADS  (100  /^M).  d.  Tail  activation  curves 
constructed  from  current  records  in  c.  Tail  current  amplitude  was  measured  3.5  ms  after  the 
termination  of  the  varying  voltage  steps.  The  tail  activation  curves  were  best  fitted  to  a  double 
Boltzmann  function.  The  parameters  for  the  fits:  VhI  =-6  mV,  Kt  =  8  mV,  V^  =  35  mV,  and  K2  = 
12  mV  for  the  control;  and  Vhl  =-6  mV,  =7  mV,  Vu  =  36  mV,  and  K2  =  12  mV  for  the 
PPADS. 
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Fig.  5.  Effects  of  PPADS  on  ATP  gated  current  in  Hensen’s  cells,  a.  ATP  (5  pM)  induced  a 
biphasic  inward  current  in  a  Deiters’  cell.  b.  Co-application  of  ATP  (5  jtzM)  with  PPADS  (100 
pM)  enhanced  the  peak  current  induced  by  ATP  but  abolished  the  biphasic  nature  of  the  response 
compared  to  the  response  to  control  ATP  shown  in  a  .  c.  ATP  (5  pM)  induced  current  response 
recorded  following  1  min  of  washing  out  the  co-applied  drugs  in  b  is  reduced  compared  to  the 
response  to  control  ATP  in  a.  d.  ATP  induced  current  response  following  12  min  of  the  wash 
demonstrates  complete  recovery,  e.  ATP  (5  pM)  induced  inward  current  response  following  20 
min  of  wash.  f.  Application  of  PPADS  (100  /zM)  alone  by  the  U-tube  for  10  s.  g.  ATP  induced 
current  response  is  blocked  when  applied  following  after  1  min  of  washing  out  the  PPADS.  h. 
ATP  induced  current  response  following  20  min  of  washing  demonstrates  a  large  amount  of 
recovery.  Membrane  potential  was  held  at  -80  mV.  Current  traces  from  a  to  h  are  from  the  same 
cell.  The  dashed  line  is  inserted  as  a  visual  aid  only. 

Fig.  6.  Lack  of  effect  of  PPADS  on  the  voltage-gated  currents  in  Hensen’s  cells,  a  and  b. 
Current  traces  recorded  from  a  Hensen’s  cell  in  the  absence  (a)  and  presence  (b)  of  PPADS  (100 
pM).  Current  was  evoked  by  100  ms  steps  from  -80  to  60  mV  and  repolarized  to  -40  mV  from  a 
holding  potential  of  -70  mV.  c.  I-V  curves  were  constructed  from  a  and  b  measured  at  2  ms 
before  the  termination  of  the  varying  voltage  steps. 
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Fig.  7.  Effects  of  PPADS  on  ATP-gated  currents  in  pillar  cells,  a.  ATP  (5  pM)  induced  inward 
current  recorded  from  a  pillar  cell.  b.  Co-application  of  ATP  (5  pM)  with  PPADS  (100  pM) 
enhanced  the  peak  current  induced  by  ATP  but  reduces  the  duration  of  the  response  compared  to 
control  ATP  shown  in  a.  c.  ATP  (5  pM)  induced  current  response  recorded  following  1  min  of 
washing  out  the  co-applied  drugs  in  b  is  almost  completely  blocked,  d.  ATP  induced  current 
response  following  20  min  of  wash  demonstrates  some  recovery.  Current  traces  from  a  to  d  are 
from  the  same  cell  and  Vh  was  -80  mV.  e.  ATP  (5  pM)  induced  inward  current  recorded  from 
another  pillar  cell.  f.  Application  of  PPADS  (100  pM)  alone  by  the  U-tube  for  10  s.  g.  ATP 
induced  current  response  is  blocked  when  applied  following  1  min  of  washing  out  the  PPADS.  h. 
ATP  induced  current  following  30  min  of  washing  demonstrates  some  recovery.  Current  traces 
from  e  to  h  are  from  the  same  cell  and  Vh  was  -80  mV.  The  dashed  line  is  inserted  as  a  visual  aid 
only. 

Fig.  8.  Lack  of  effect  of  PPADS  (100  pM)  on  voltage-gated  currents  in  pillar  cells,  a  and  b. 
Current  traces  recorded  from  a  pillar  cell  in  the  absence  (a)  and  presence  (b)  of  PPADS.  Current 
was  evoked  by  100  ms  steps  from  -100  to  60  mVand  repolarized  to  -40  mV  from  a  holding 
potential  of  -70  mV.  c.  I-V  curves  were  constructed  from  a  and  b  measured  at  2  ms  before  the 
termination  of  the  varying  voltage  steps. 
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Fig.  9.  Effect  of  PPADS  on  CAP,  N,  latency,  SP  and  CM  as  a  function  of  stimulus  intensity. 
Shown  are  functions  recorded  after  pre-drug  artificial  perilymph  perfusion  #2  (AP2;  15  min),  after 
perfusion  with  increasing  concentrations  (0.033  -  1.0  mM;  15  min  each)  of  PPADS,  and  after  a 
second  post-drug  wash  with  artificial  perilymph  (W2;  15  min).  Functions  recorded  after  0.033 
and  0.1  mM  PPADS  and  wash  1  are  not  shown  for  clarity.  Data  are  represented  as  means  ±  S.E. 
across  5  animals. 

Fig.  10.  Intensity  dependence  of  PPADS  effects  on  CAP,  N1  latency,  SP  and  CM.  Shown  are 
the  data  representing  responses  evoked  by  tone  bursts  at  38  dB  SPL  and  92  dB  SPL  from  Fig.  9 
after  the  control  perfusion  (AP2,  15  min),  after  perfusion  of  increasing  concentrations  of  PPADS 
(0.033  -  1.0  mM,  15  min  each)  and  after  artificial  perilymph  wash  perfusions  (Wl,  15  min;  W2, 

15  min).  Data  are  displayed  as  means  ±  S.E.  across  n  —  5  animals.  Values  significantly  different 
from  AP2  values  are  designated  *  P  <  0.05;  **  P  <  0.01.  Responses  that  fell  into  the  noise  floor 
were  assigned  the  numerical  value  of  the  noise  floor. 
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Fig.  11.  Effect  of  PPADS  on  quadratic  f2  -ft  DPOAE  (f  2  -  f,  =  1.25  kHz)  amplitude  alterations 
during  continuous  primary- stimulation  (f  y  =6.25  kHz,  f  2  =  7.5  kHz,  LI  =  L2  =  60  dB  SPL). 
Response  amplitude  as  recorded  following  the  second  control  perfusion  (AP2),  following 
increasing  concentrations  of  PPADS  (0.033  to  1.0  mM),  and  a  post  drug  wash  (Wl).  The  AP2 
trace  is  repeated  in  each  frame  for  reference.  Pooled  errors  are  shown  in  the  upper  right  hand 
comer  of  each  frame.  Each  data  point  represents  a  10-spectra  average  and  required  5  s  to 
complete.  The  break  in  response  amplitude  trace  (C-D)  represents  1  min  during  which  the 
primaries  were  turned  off.  Points  A  -  F  were  used  to  calculate  magnitudes  of  component 
amplitude  changes  for  statistical  analysis  in  Fig.  12.  Symbols  represent  means  of  n  =  6.  Noise 
floor  averaged  about  -12  dB. 

Fig.  12.  Effect  of  PPADS  on  the  various  points  (A  -  F;  but  not  B  or  E)  identified  in  the  f2-f , 
DPOAE  amplitude  values  (defined  in  Fig.  1 1)  following  each  perfusion  shown  in  Fig.  11. 
Significance  was  tested  with  ANOVA  and  subsequent  Student-Newman  Keuls  post  hoc  multiple 
range  test  for  all  means.  Since  points  B  and  E  were  difficult  to  define  for  the  1  mM  PPADS  it 
was  omitted  from  the  calculations  and  no  value  is  given  in  the  bar  graph.  Values  that  are 
significantly  different  from  their  respective  AP2  values  are  designated:  *  P<0.05;  **  P<0.01. 
Data  are  represented  as  means  ±  S.E.  (n  =  6). 


32 


Fig.  13.  Effect  of  PPADS  on  the  amplitude  growth  functions  for  quadratic  (f  2-f ,)  and  cubic  (2f  l 
-f2 )  DPOAEs.  Shown  are’the  values  obtained  following  the  second  control  perfusion  (AP2), 
following  increasing  concentrations  of  PPADS  (0.033  to  1.0  mM),  and  a  post  drug  wash  (Wl) 
and  collection  of  the  data  shown  in  Fig.  11.  Functions  recorded  after  0.033  and  0.1  mM  PPADS 
and  wash  1  are  not  shown  for  clarity.  Data  are  represented  as  means  ±  S.E  (n  =  6).  The  dashed 
line  in  each  panel  represents  the  average  value  of  the  noise  floor  (NF). 

Fig.  14.  Intensity  dependence  of  PPADS  effects  on  the  quadratic  (f2-fl)  and  cubic  2(fl-£2) 
DPOAE.  Shown  are  the  data  representing  responses  evoked  by  continuous  primaries  at  30,  55 
and  70  dB  SPL  for  the  quadratic  and  at  35,  55,  and  60  dB  SPL  for  the  cubic  DPOAE  from  Fig. 

13  after  the  control  perfusion  (AP2,  15  min),  after  perfusion  of  increasing  concentrations  of 
PPADS  (0.033  -  1.0  mM,  15  min  each)  and  after  an  artificial  perilymph  wash  perfusion  (Wl,  15 
min).  Data  are  displayed  as  means  ±  S.E.  (n  =  6  animals).  Values  significantly  different  from  AP2 
are  designated  *  P  <  0.05;  **  P  <  0.01 .  Responses  that  fell  into  the  noise  floor  were  assigned  the 
numerical  value  of  the  noise  floor. 
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1.  Introduction 

Evidence  is  accumulating  to  indicate  that  extracellular 
adenosine  5'  triphosphate  (ATP)  may  function  as  a  neurotransmitter, 
neuromodulator,  mitogen  and  cytotoxin  (Burnstock,  1990;  Collo  et 
al.,  1996;  Wang  et  al.,  1994;  Zoeteweij  et  al.,  1996).  ATP 
receptors  appear  to  belong  to  one  super  family  that  is  distinct 
from  other  receptors.  Currently  both  functional  and  molecular 
biology  classifications  of  ATP  receptors  are  being  used.  The 
receptors  that  act  by  way  of  a  ligand-gated  ion  channel  (ionotropic 
receptors)  are  classified  as  P2X  and  to  date  7  have  been  sequenced 
and  cloned  (P2Xx  -  P2X7)  .  Those  receptors  that  act  by  way  of  a 
ligand-activated  G  protein  (metabotropic)  are  classified  as  P2Y  and 
currently  5  have  been  identified. 

2.  The  function  of  ATP  in  the  cochlea. 

Bobbin  and  Thompson  (1978)  first  suggested  that  ATP  and  ATP 
receptors  may  have  a  function  in  the  cochlea  by  demonstrating  that 
extracellular  application  of  ATP  to  the  cells  of  the  cochlea  by 
perfusion  of  the  perilymph  compartment  affected  the  function  of  the 
cochlea  as  monitored  by  a  change  in  the  compound  action  potential 
of  the  auditory  nerve.  Subsequently,  ATP-induced  alterations  in 
activity  of  the  afferent  nerve  innervating  lateral  line  hair  cells 
was  demonstrated  (Bobbin  et  al.,  1979;  Mroz  and  Sewell,  1989).  At 
the  single  cell  level,  ATP  has  been  shown  to  induce  ATP  receptor 
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activation  (both  metabotropic  and  ionotropic)  in  several  cell  types 
in  the  cochlea.  ATP  receptors  have  been  functionally  identified 
in:  outer  hair  cells  (OHCs;  Ashmore  and  Ohmori,  1990;  Chen  et  al., 
1995a,  1995b;  Housley  et  al.,  1992;  Kakehata  et  al.,  1993;  Kujawa 
et  al.,  1994b;  Nakagawa  et  al.,  1990;  Ashmore  and  Ohmori,  1990; 
Ikeda  et  al.,  1991;  Shigemoto  and  Ohmori,  1990);  inner  hair  cells 
(IHCs;  Dulon  et  al.,  1991;  Sugasawa  et  al.,  1996);  Deiters'  cells 
(Dulon,  1995;  Dulon  et  al.,  1993);  Hensen's  cells  (Dulon  et  al., 
1993),  and  cells  of  the  stria  vascularis  (Liu  et  al.  ,  1995;  Suzuki 
et  al.,  1995;  Wangemann,  1995;  White  et  al.,  1995;  Munoz  et  al., 
1995a;  Munoz  et  al.,  1995b). 

At  the  present  time,  the  functions  of  ATP  receptors  in  the 
cochlea  are  unknown  (Bobbin,  1996;  Eybalin,  1993).  Deiters'  cells 
may  respond  to  extracellular  ATP  with  a  change  in  stiffness  and 
through  this  mechanism  ATP  may  be  involved  in  modulating  cochlear 
mechanics  (Dulon,  1995;  Bobbin  et  al.,  1997a;  Skellett  et  al., 
1997)  .  ATP  receptors  on  the  stria  may  regulate  the  endocochlear 
potential  (Suzuki  et  al.,  1995;  Wangemann,  1995).  The  ionotropic 
receptors  on  OHCs  may  be  involved  in  transduction,  since  they 
appear  to  be  located  on  the  scala  media  surface  of  the  OHCs 
(Housley  et  al.,  1992;  Mockett  et  al.,  1994  and  1995).  ATP  may  act 
as  a  cytotoxin,  killing  cells  when  exposed  to  large  amounts  of  ATP 
possibly  released  from  killer  lymphocytes  or  during  noise  exposure 
(Chu  et  al.,  1997;  Bobbin  et  al.,  1997b).  ATP  may  also  act  as  a 
mitogen,  stimulating  the  proliferation  of  fibrocytes  in  the  spiral 
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ligament  (Bobbin  et  al.,  1997b). 


3.  The  function  of  ATP  in  the  organ  of  Corti:  An  Hypothesis. 

One  working  hypothesis  in  our  laboratory  is  that  endogenous 
ATP  modulates  cochlear  mechanics  in  the  organ  of  Corti  through  an 
action  on  ionotropic  receptors  on  Deiters'  cells.  To  prove  that 
any  endogenous  substance  has  such  a  role,  a  set  of  criteria  has  to 
be  met  (as  discussed  in  Bobbin  et  al.,  1985).  Among  these  criteria 
are:  (1)  the  exogenous  application  of  the  substance  should  mimic 
the  effects  of  the  endogenously  released  substance;  (2)  drugs  which 
block  the  effects  of  the  endogenous  substance  should  also  block  the 
effects  when  the  substance  is  applied  exogenously;  (3)  the 
substance  should  be  released  into  the  extracellular  space  upon 
stimulation  of  the  cells  of  origin;  (4)  the  substance  should  be 
synthesized  in  the  cells  that  it  is  released  from;  (5)  a  mechanism 
for  terminating  the  action  of  the  substance  should  exist;  and  (6) 
the  receptor  protein  and  mRNA  for  the  protein  must  be  present  in 
the  cells  where  the  substance  is  thought  to  act. 

4.  Evidence  for  the  Hypothesis. 

To  monitor  cochlear  mechanics,  we  use  distortion  product 
otoacoustic  emissions  (DPOAEs) ,  since  they  are  generated  in  part 
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by,  and  appear  to  be  a  reflection  of,  the  active  cochlear  mechanics 
in  the  organ  of  Corti.  Active  mechanics  involve  the  outer  hair 
cell-Deiters '  cell  complex.  OHCs  shorten  and  lengthen  in  response 
to  changes  in  their  resting  membrane  potential  (Bobbin,  1996, 
Brownell,  1996).  Since  the  OHCs  are  held  by  the  Deiters'  cells  at 
their  base  and  at  their  apex,  then  Deiters*  cells  can  alter  or 
modify  the  movement  of  the  OHCs  by  a  change  in  their  own  stiffness. 
Dulon  et  al.  (1994)  demonstrated  a  change  in  the  stiffness  of 
Deiters'  cells  in  response  to  a  change  in  intracellular  Ca2+.  We 
assume  that  any  change  in  the  mechanics  of  this  cellular  complex 
will  be  reflected  in  changes  in  the  DPOAEs  (as  discussed  by  Frank 
and  Kossl,  1996) .  Thus  when  we  refer  to  changes  in  cochlear 
mechanics,  we  will  mean  a  change  in  mechanics  as  monitored  through 
changes  in  DPOAEs. 

4.1  Action  of  exogenously  applied  ATP:  the  mimic  criteria. 

To  test  the  hypothesis,  our  first  goal  was  to  determine  if  we 
could  detect  an  action  of  exogenously  applied  ATP  on  cochlear 
mechanics  as  monitored  by  DPOAEs  (Bobbin  et  al.,  1993;  Kujawa  et 
al.,  1993;  Kujawa  et  al.,  1994a).  To  accomplish  this  we  perfused 
the  perilymph  scalae  of  guinea  pigs  with  artificial  perilymph 
containing  ATP  and  monitored  the  cubic  DPOAE  (2f  !~f  2)  in  the  ear 
canal.  We  placed  the  drug  in  the  perilymph  since  it  has  long  been 
known  that  drugs  readily  diffuse  from  perilymph  through  the  basilar 
membrane  to  distribute  in  the  fluid  surrounding  OHCs  and  Deiters' 


6 


cells.  As  shown  in  Figure  l,  ATP  induced  a  small  suppression  of 
the  cubic  DPOAEs.  It  was  possible  the  response 'to  ATP  was  slight 
because  ATP  is  rapidly  metabolized  by  ectonucleotidases  on  the 
surface  of  the  cells  lining  the  perilymph  compartment  such  as  OHCs 
(Vlajkovic  et  al.,1996).  Therefore,  we  tested  a  chemical 
derivative  of  ATP,  ATP-y-S,  that  is  resistant  to  the  enzyme  and 
therefore  metabolized  at  a  much  slower  rate  than  ATP.  As  shown  in 
Figure  1,  the  ATP-y-S  was  much  more  potent  than  ATP  and  almost 
abolished  the  cubic  DPOAE  at  a  concentration  of  1  mM.  Since  the 
drug  had  little  or  no  effect  on  the  endocochlear  potential  (EP) , 
it  is  reasonable  to  speculate  that  the  drug  acted  on  cells  in  the 
organ  of  Corti,  particularly,  the  OHC  -  Deiters'  cell  complex. 
Both  OHCs  and  Deiters'  cells  have  ATP  receptors  in  their  membranes. 
However,  there  is  strong  evidence  that  the  ionotropic  ATP  receptors 
on  OHCs  are  located  on  the  endolymph  side  of  the  cells  (Housley  et 
al.,  1992;  Mockett  et  al.,  1994,  1995).  Dulon  (1995)  and  Dulon  et 
al.  (1993)  suggest  that  the  ATP  receptors  on  Deiters'  cells  are 
located  near  the  region  where  the  cell  contacts  the  base  of  the 
OHC,  or  on  the  perilymph  side  of  the  reticular  lamina.  If  this  is 
the  case,  then  drugs  such  as  ATP-y-S,  when  placed  in  perilymph 
therefore  bathing  the  base  and  lateral  walls  but  not  the  cuticular 
plate  region  of  the  OHCs,  can  only  affect  ionotropic  ATP  receptors 
on  Deiters'  cells,  but  not  those  on  OHCs.  These  results  on  DPOAEs 
were  the  first  evidence  that  our  hypothesis  may  be  correct 
(criterion  #1) . 
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4.2  Detection  of  an  action  of  endogenously  released  ATP  on 
mechanics:  the  blockade  criterion 

The  results  with  agonists  applied  into  the  cochlea  present 
evidence  as  to  the  effects  of  activation  of  the  receptors  but  do 
not  demonstrate  that  endogenous  ATP  is  capable  of  having  a  similar 
role  in  normal  or  pathological  physiology.  To  accomplish  this  task 
physiologists  and  pharmacologists  have  traditionally  relied  on  the 
effects  of  antagonists.  If  an  antagonist  abolishes  a  physiological 
response,  then  this  is  taken  as  evidence  that  the  blocked  response 
was  mediated  by  the  endogenous  substance  (criterion  #2) . 

4.2.1  Effect  of  cibacron  and  suramin  on  cubic 
DPOAES. 


Figure  2,  taken  from  Kujawa  et  al. (1994b),  shows  that  the  ATP 
antagonist,  cibacron  blue  (cibacron) ,  When  perfused  through  the 
perilymph  compartment  of  guinea  pig  cochlea  in  a  manner  similar  to 
the  ATP  perfusion,  almost  totally  abolished  the  cubic  DPOAE.  This 
is  evidence  that  cibacron  blocked  the  actions  of  endogenous  ATP  at 
receptors  on  cells  in  the  cochlea,  that  in  turn  prevented  the 
production  of  normal  DPOAEs.  Parenthetically,  it  is  not  unusual 
for  both  an  agonist  such  as  ATP  and  an  antagonist  such  as  cibacron 
to  exhibit  similar  effects  when  one  is  monitoring  a  remote  response 
like  the  DPOAEs.  For  example,  both  ACh,  an  agonist,  and  curare, 
an  antagonist,  block  the  response  of  the  efferents  (Bobbin  and 
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Konishi,  1971a,  1971b,  1974) .  The  results  with  cibacron  blocking 
the  generation  of  the  cubic  DPOAEs  allow  us  to  draw  the  tentative 
conclusion  that  endogenous  release  of  ATP  onto  ATP  receptors, 
possibly  at  the  OHC-Deiters'  cell  complex,  is  necessary  for  the 
generation  of  the  DPOAEs. 

In  the  Kujawa  et  al. (1994b)  study,  suramin,  an  additional  ATP 
antagonist,  had  no  effect  on  the  cubic  DPOAE,  even  though  it  did 
abolish  the  compound  action  potential  of  the  auditory  nerve.  This 
effect  of  suramin  on  the  action  potential  may  have  been  due  to  an 
action  on  glutamate,  the  afferent  transmitter  released  from  the 
inner  hair  cells  (Aubert  et  al.,  1995;  Bobbin  et  al.,  1985;  Bledsoe 
et  al.,  1988).  So  the  question  remained  as  to  whether  suramin  was 
indeed  an  ATP  antagonist  at  the  ATP  receptors  on  OHCs  and  Deiters' 
cells. 


4.2.2.  Action  of  ATP  antagonists  (cibacron,  suramin 
and  PPADS)  at  the  single  cell  level. 

In  order  to  examine  whether  cibacron  or  suramin  block  the 
actions  of  ATP  on  OHCs  and  Deiters'  cells,  these  cells  were 
isolated  from  guinea  pig  cochlea  and  whole  cell  voltage  clamp 
studies  of  the  drugs  were  carried  out.  Under  these  conditions,  the 
cells  were  studied  directly  and  drug-induced  changes  in  other 
properties  of  the  cells  monitored. 
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As  shown  in  Figure  3A,  application  of  ATP  to  a  Deiters'  cell 
induced  an  inward  current  due  to  the  ATP-induced  activation  of  an 
ionotropic  ATP  receptor  (Dulon,  1995;  Chen  et  al.,  1997).  When 
suramin  was  applied  together  with  ATP,  the  response  to  ATP  was 
reduced  (Figure  3A) .  This  indicates  that  suramin  is  an  antagonist 
of.  ATP  at  ATP  receptors  on  these  cells.  Figure  3B  and  3C 
illustrate  the  lack  of  effect  of  suramin  on  the  currents  induced 
by  stepping  the  voltage  of  the  cell  to  different  values.  Suramin 
induced  no  change  in  these  voltage- induced  currents  indicating  that 
suramin  is  specific  for  the  ATP  receptor  protein  and  has  no  effect 
on  the  voltage  activated  ion  channel  proteins. 

Results  with  cibacron  were  different  from  suramin.  As  shown 
in  Figure  4A,  cibacron  was  found  to  be  a  powerful  blocker  of  ATP- 
induced  currents,  possibly  more  powerful  than  suramin.  However, 
as  shown  in  Figure  4B  and  4C,  cibacron  also  attenuated  the  voltage- 
induced  outward  potassium  currents.  Therefore,  the  effects  of 
cibacron  in  vivo  may  be  due  to  effects  on  both  voltage-induced 
potassium  currents  and  ATP-induced  currents. 

An  additional  ATP  antagonist,  pyridoxal-phosphate-6-azophenyl- 
2 ' ,4 '-disulphonic  acid  (PPADS) ,  was  examined  at  the  single  cell 
level  and  found  to  block  ATP-induced  currents  (Figure  5)  .  The 
block  was  slow  to  develop,  as  indicated  by  the  much  larger  block 
of  ATP  after  washing  out  the  PPADS.  To  date,  this  block  of  ATP  has 
not  accompanied  by  other  effects  of  PPADS,  such  as  effects  on 


10 


voltage- induced  potassium  currents  (Figure  5B  and  5C)  .  It  appears 
that  PPADS  is  a  more  potent  ATP  antagonist  than  either  suramin  or 
cibacron. 

In  summary,  the  only  effects  detected  for  both  suramin  and 
PPADS  at  the  single  cell  level  was  a  block  of  ATP-induced  inward 
current.  Cibacron,  on  the  other  hand,  also  affected  voltage- induced 
potassium  currents.  Thus,  the  suppression  of  the  cubic  DPOAEs  by 
cibacron,  but  not  by  suramin,  possibly  reflects  the  actions  of 
cibacron  on  outward  potassium  currents. 

4.2.3.  The  time  varying  amplitude  change  in  the 
quadratic  DPOAE  (f  x)  . 

After  a  period  of  silence,  the  quadratic  DPOAE  undergoes 
complex  time  varying  changes  in  amplitude  when  monitored  over 
minutes  during  continuous  sound  stimulation  with  moderate  level 
primaries  (Brown,  1988;  Kirk  and  Johnstone,  1993;  Kujawa  et  al. 
1995,  1996;  Lowe  and  Robertson,  1995).  The  typical  shape  of 
response  recorded  from  guinea  pig  cochlea  is  shown  in  Figure  6. 
Initially,  it  was  thought  that  the  efferent  nerves  innervating  the 
cochlea  were  responsible  for  these  changes  in  amplitude.  However, 
Lowe  and  Robertson  (1995)  demonstrated  conclusively  that  the 
efferents  do  not  contribute  to  the  amplitude  change.  Similar 
conclusions  were  reached  by  Kujawa  et  al.  (1995,  1996)  who 
demonstrated  that  the  amplitude  change  recorded  from  guinea  pig  was 
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not  affected  to  a  large  extent  by:  TTX,  a  sodium  channel 
antagonist;  curare  in  concentrations  that  blocked  the  action  of 
acetylcholine  released  by  the  efferents  onto  the  OHCs;  bicuculline, 
a  GABA  antagonist;  and  efferent  sectioning.  Thus  it  appears  that 
neither  the  efferents  or  any  other  kind  of  nerve  action  underlies 
the  amplitude  change.  On  the  other  hand,  the  amplitude  was 
dramatically  affected  by  drugs  active  at  calcium  channels  such  as 
nimodipine  and  Bay  K  (Kujawa  et  al.,  1996). 

4.2.4.  Effect  of  ATP  antagonists  on  the  time- 
varying  amplitude  change  of  the  quadratic  DPOAE. 

Others  suggested  that  the  quadratic  DPOAE  is  a  more  sensitive 
indicator  of  the  set  point  of  the  cochlear  amplifier  (Frank  and 
Kossl,  1996) .  Thus  the  quadratic  DPOAE  may  be  a  more  sensitive 
indicator  of  the  role  of  the  OHC-Deiters'  cell  complex  in  the 
function  of  the  cochlear  mechanics.  Therefore,  we  extended  our 
pharmacological  studies  of  the  quadratic  amplitude  change  include 
the  effects  of  ATP  antagonists. 

Figure  7  shows  the  effect  of  perfusing  increasing 
concentrations  of  suramin  through  the  perilymph  compartment  of 
guinea  pig  cochlea  on  the  amplitude  change  in  the  quadratic  DPOAE. 
Suramin  blocked  the  decline  in  the  amplitude  of  the  quadratic  DPOAE 
in  a  reversible  manner  without  an  effect  on  the  initial  starting 
value.  Monitoring  the  amplitude  of  the  quadratic  DPOAE  at  various 
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primary  intensities  indicated  that  the  suramin  shifted  the  function 
to  the  left  (Fig.  8).  In  contrast  the  amplitude  growth  function 
of  the  cubic  DPOAE  was  not  altered  (Fig.  8) . 

When  PPADS  was  tested  in  the  same  fashion  as  suramin,  PPADS 
altered  the  amplitude  change  in  a  much  more  complex  fashion  than 
suramin  (Fig.  9).  Low  concentrations  of  PPADS  (<  0.10  mM) 
suppressed  the  initial  value  of  the  quadratic  DPOAE  at  60  dB 
primaries  immediately  after  the  silence  period  (Fig. 9)  with  little 
effect  on  the  overall  shape  of  the  change  over  time.  Higher 
concentrations  of  PPADS  (0.33  and  1  mM)  induced  a  further 
suppression  of  the  initial  value  and  also  reversed  the  decline, 
causing  instead,  a  slow  dramatic  rise  (Fig.  9) .  The  subsequently 
recorded  amplitude  growth  functions  for  the  quadratic  and  cubic 
DPOAE s  were  shifted  to  the  left  (Fig.  10) . 

Thus  there  are  differences  between  the  effects  of  these  two 
ATP  antagonists.  Suramin  appears  to  solely  abolish  the  decline  in 
the  quadratic  DPOAE  while  PPADs  both  ( 1) suppresses  the  initial, 
post-silence  value  of  the  DPOAE  and  (2) abolishes,  or  reverses,  the 
decline.  The  reason  for  these  differences  in  action  of  the  two 
drugs  is  presently  unknown,  however,  it  may  be  the  fact  that  PPADS 
is  a  more  potent  blocker  of  ATP  than  suramin.  Both  PPADS  and 
suramin  are  equally  potent  in  inhibiting  ectonucleotidases  (41% 
inhibition  at  100  juM;  Ziganshin  et  al.,  1995). 
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5.  Additional  criteria. 

5.1  Release  criterion  (#3). 

Evidence  for  the  release  criterion  has  been  obtained  from 
several  sources.  In  the  vestibular  system,  Bryant  et  al.  (1987) 
demonstrated  release  of  adenosine  from  the  isolated  semicircular 
canal  in  response  to  electrical  stimulation.  Since  the  authors 
made  no  attempt  to  block  the  degradation  of  any  released  ATP  by 
ectonucleotidases,  this  adenosine  may  possibly  represent  an  ATP 
breakdown  product.  If  so,  then  Bryant  et  al.  (1987)  may  well  have 
demonstrated  ATP  release  in  response  to  depolarization  of  this  hair 
cell  containing  organ. 

Along  similar  lines,  we  have  preliminary  data  to  indicate  that 
ATP  release  may  be  detected  in  effluent  from  the  perilymph 
compartment.  In  an  experiment  carried  out  over  ten  years  ago  with 
Drs.  Bryant  and  Guth,  increased  levels  of  adenosine  were  detected 
in  perilymph  compartment  effluent  of  guinea  pig  cochlea  in  response 
to  raised  potassium  levels  (see  Bryant  et  al.,  1987).  Again  this 
adenosine  may  represent  an  ATP  breakdown  product.  This  experiment 
may  be  taken  as  very  preliminary  evidence  that  ATP  is  released  from 
cochlear  tissue  in  response  to  depolarization  and  that  it  may  be 
detected  in  perilymph  effluent.  The  cells  of  origin  of  the 
adenosine  (and  therefore  most  probably  the  ATP)  are  unknown  since 
the  high  potassium  may  have  induced  release  from  stria  cells  as 
well  as  inner  hair  cells,  outer  hair  cells,  Deiters'  cells,  etc. 
In  addition,  the  potassium  may  have  caused  non-specific  swelling 
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of  the  cells  with  the  resultant  spilling  of  the  cytoplasmic  ATP 
into  the  perilymph.  Therefore  these  experiments  will  have  to  be 
replicated  to  determine  if  the  adenosine  (or  ATP)  release  was 
calcium  dependent  and  thus  vesicular,  and  not  due  to  cells  leaking 
the  contents  of  their  cytoplasm. 

Recently,  Wangemann  (1996)  and  Wangemann  and  Marcus  (1994) 
demonstrated  the  calcium  dependent  release  of  ATP  from  isolated 
gerbil  organ  of  Corti.  The  cellular  source  of  the  ATP  is  unknown. 
Likewise  the  resolution  was  not  able  to  determine  the  target  cells 
of  the  ATP  that  was  released.  The  origin  of  the  endogenous  ATP 
that  acts  on  the  cells  in  the  organ  of  Corti  remains  to  be 
determined . 

5.2  Synthesis  criterion  (#4). 

The  presence  of  isozymes  of  creatine  kinase  in  Deiters'  cells 
suggests  that  the  released  ATP  may  come  from  Deiters'  cells  (Spicer 
and  Schulte,  1992) .  These  enzymes  synthesize  ATP.  Whether  this 
ATP  is  the  source  of  the  ATP  released  onto  the  receptors  on 
Deiters'  cells  surface  to  modulate  the  mechanics  of  the  organ  of 
Corti  remains  to  be  shown. 

5.3  Termination  criterion  (#5). 


Breakdown  of  any  released  ATP  will  be  rapid  as  demonstrated 
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by  Vlajkovic  et  al.  (1996)  who  presented  evidence  that  ATP  in 
perilymph  is  rapidly  metabolized  by  ectonucleotidases  to  adenosine, 
adenosine  5 ' -diphosphate,  and  adenosine  5 ' -monophosphate . 
Therefore  any  released  ATP  will  probably  appear  in  perilymph 
effluent  as  one  of  these  products.  Thus  the  termination  criterion 
(#5)  appears  to  have  been  met,  at  least  for  ATP  released  into  the 
perilymph  compartment  in  the  vicinity  of  the  OHCs  and  Deiters' 
cells. 

5.4  Receptor  protein  and  mRNA  criterion  (#6) 

To  date  only  a  single  P2X  receptor  type  mRNA  has  been 
identified  in  the  cochlea  of  rat  (Housley  et  al.,  1995;  Brandle  et 
al.,  1997).  Guinea  pig  mRNA  for  P2X2  has  also  been  found  in  the 
organ  of  Corti  library  (Parker  et  al.,  1997).  Thus  the  receptor 
protein  and  mRNA  criterion  (#6)  is  in  the  process  of  being  met. 

6.  Summary  and  Model. 

Currently,  our  model  includes  the  endogenous  release  of  ATP 
possibly  from  OHCs  or  Deiters'  cells  onto  ATP  receptors  on  Deiters' 
cells.  This  ATP  may  be  released  in  response  to  a  sound  stimulus 
that  depolarizes  the  OHC,  inducing  release  of  ATP  from  the  OHC. 
Alternatively,  sound  may  increase  the  concentration  of  potassium 
outside  of  Deiters'  cells,  inducing  depolarization  of  Deiters' 
cells  and  subsequent  release  ATP  from  the  Deiters'  cells.  The 
large  concentration  of  the  ATP  synthesizing  enzyme,  creatine 
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kinase,  in  Deiters'  cells  suggests  that  the  source  of  exogenous  ATP 
is  the  Deiters'  cells.  The  released  ATP  will  induce  an  influx  of 
calcium  (plus  soduim  and  potassium)  into  the  Deiters'  cell  through 
the  ATP  activated  ion  channel.  This  calcium  may  alter  the 
mechanical  stiffness  of  the  Deiters'  cell  to  increase  or  decrease 
the  tension  applied  by  the  Deiters'  cell  on  the  OHCs.  This  in  turn 
may  adjust  the  cochlear  amplifier  in  the  face  of  a  changing  sound 
stimulus  over  time. 

Based  on  the  effects  of  the  ATP  antagonists,  suramin  and 
PPADS,  we  speculate  that  the  continuous  time-varying  amplitude 
change  in  the  quadratic  DPOAE  may  be  a  very  sensitive  measure  of 
the  effects  of  endogenous  ATP  acting  in  the  above  manner.  We 
propose  the  following  working  model  to  explain  the  actions  of  the 
drugs.  In  this  model,  the  magnitude  of  the  quadratic  DPOAE  is 
determined  by  the  amount  of  ATP  acting  at  P2X2  receptors  on 
Deiters'  cells.  The  greater  the  amount  of  ATP  acting  on  the 
receptors,  then  the  larger  this  value.  During  silence,  we  propose 
that  there  is  a  basal  level  of  ATP  release.  Upon  turning  on  the 
primaries,  the  amount  of  ATP  released  is  increased,  producing  the 
small  increase  in  the  quadratic  DPOAE  seen  at  about  1  min  into  the 
primary  stimulation.  The  subsequent  decline  in  the  quadratic  DPOAE 
during  continuous  primary  stimulation  is  then  thought  to  be  due  to 
depletion  of  ATP  from  the  release  site.  In  addition,  it  is  assumed 
that  released  ATP  is  rapidly  broken  down  into  inactive  products  by 


ectonucleotidases . 
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In  this  model,  PPADS,  a  more  powerful  ATP  antagonist  than 
suramin,  decreases  the  initial  value  of  the  quadratic  DPOAE  due  to 
block  of  ATP  at  receptors  on  Deiters'  cells.  The  PPADS-induced 
inhibition  of  the  ectonucleotidases  (41%  inhibition  at  100  /xM; 
Ziganshin  et  al.,  1995),  prevents  the  breakdown  of  ATP  released  in 
response  to  the  presence  of  continuous  primaries.  The  released  ATP 
will  accumulate  in  the  extracellular  space.  This  accumulated  ATP 
will  competitively  displace  PPADS  from  the  receptors,  allowing  the 
ATP  to  act  on  the  receptor.  This  receptor  activation  then  reverses 
the  decline  in  the  quadratic  DPOAE  that  occurs  over  time  in  the 
presence  of  continuous  primaries. 

In  contrast,  suramin  is  a  weaker  receptor  antagonist,  but 
equipotent  with  PPADS  in  inhibiting  ectonucleotidases  (41% 
inhibition  at  100  /xM;  Ziganshin  et  al.,  1995).  Any  block  of 
receptor  by  the  suramin  molecule  is  probably  displaced  by  ATP 
accumulating  in  the  extracellular  space  due  to  an  inhibition  of 
breakdown  by  the  enzyme.  Also,  according  to  our  single  cell  data, 
any  accumulated  ATP  may  be  potentiated  by  suramin  at  the  P2X2 
receptor.  This  would  explain  the  lack  of  effect  of  suramin  on  the 
initial  value  of  the  quadratic  DPOAE.  In  addition,  by  blocking  the 
breakdown  of  ATP,  suramin  would  reverse  the  decline  in  the 
quadratic  DPOAE. 

This  model  does  not  take  into  consideration  the  possible 
location  of  metabotropic  ATP  receptors  on  OHCs,  Deiters'  cells  or 
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on  Hensen's  cells.  The  latter  which  are  connected  to  Deiters' 
cells  by  gap  junctions  have  ionotropic  ATP  receptors.  In  addition, 
many  of  the  actions  of  the  drugs  that  are  described  may  be  due  to 
these  other  receptors.  Therefore,  the  validity  of  this  model  will 
be  determined  by  future  research.  However,  the  proposed  model  does 
explain  the  action  of  the  drugs  and  allows  for  the  design  of 
further  experiments. 
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Figure  legends. 

Fig.  1.  Effect  of  ATP  and  ATP-y-S  on  cubic  (2f1-f2)  DPOAE  responses 
recorded  from  the  external  ear  canal  as  a  function  of  stimulus 
intensity.  Shown  in  each  panel  are  amplitude  growth  functions 
recorded  after  pre-drug  artificial  perilymph  perfusions  (AP2)  and 
after  perfusion  with  increasing  concentrations  of  ATP  and  ATP-y-S. 
Data  are  represented  as  mans  ±  S.E.  across  5  animals.  From  Kujawa 
et  al. (1994a) . 

Fig.  2.  Effect  of  suramin  and  cibacron  on  the  cubic  (2fj-f2)  DPOAE 
as  a  function  of  stimulus  intensity.  Shown  are  amplitude  growth 
functions  recorded  after  pre-drug  artificial  perilymph  perfusions 
(AP2)  and  after  perfusion  with  increasing  concentrations  of  suramin 
and  cibacron.  Data  are  represented  as  means  ±  S.E.  across  5 
animals  for  each  drug.  Taken  from  Kujawa  et  al.  (1994b) . 


Fig.  3.  Suramin  blocked  the  effects  of  ATP  and  had  no  effect  on 
voltage  induced  currents  in  a  Deiters'  cell.  A:  ATP  (5  /xM)  induced 
currents  are  suppressed  by  suramin  (100  juM)  .  After  washing  out  the 
suramin,  the  ATP  response  was  greater  than  control.  The  cell  was 
voltage  clamped  at  -80  mV.  B:  Current  voltage  (I-V)  relationships 
recorded  from  a  Deiters'  cell  in  the  absence  and  presence  of  100  /xM 
suramin.  The  voltage  command  was  stepped  from  -100  mV  to  +60  mV. 
C:  I-V  plots  were  constructed  from  the  steady  state  (Ss)  and 


32 


instantaneous  (In)  values  in  B. 

Fig.  4.  Cibacron  suppressed  both  the  ATP-induced  currents  and 
voltage-induced  currents  in  a  Deiters'  cell.  A:  Cibacron  (100 
jiM)  suppressed  the  ATP  (5  /iM)  -induced  current.  The  cell  was  voltage 
clamped  at  -80  mV.  B:  Current- voltage  (I-V)  relationships  recorded 
from  a  Deiters'  cell  in  the  absence  and  presence  of  100  juM 
cibacron.  The  voltage  command  was  stepped  from  -100  mV  to  +60  mV. 
C:  I-V  plots  were  constructed  from  the  steady  state  (Ss)  and 
instantaneous  (In)  values  in  B. 

Fig.  5.  PPADS  suppressed  ATP-evoked  currents  with  no  effect  on 
voltage- induced  currents  in  a  Deiters'  cell.  A:  PPADS  (10  juM) 
suppressed  the  ATP  (5  /iM) -evoked  currents  with  a  delay.  The  delay 
is  observed  as  a  greater  blockade  after  washing  out  the  PPADS  than 
the  amount  of  blockade  when  the  PPADS  was  simultaneously  applied 
with  the  ATP.  The  cell  was  voltage  clamped  at  -80  mV.  B:  Current 
voltage  (I-V)  relationships  recorded  from  a  Deiters'  cell  in  the 
absence  and  presence  of  10  AtM  PPADS.  The  voltage  command  was 
stepped  from  -100  mV  to  +60  mV.  C:  I-V  plots  were  constructed  from 
the  steady  state  (Ss)  and  instantaneous  (In)  values  in  B. 

Fig.  6.  A  typical  example  of  the  effect  of  continuous  primary 
stimulation  on  cubic  (f  2-f  i)  DPOAE  amplitude  recorded  from  the  ear 
canal  immediately  following  a  15  min  perfusion  of  the  perilymph 
compartment  with  a  second  artificial  perilymph  (AP2)  during  which 
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time  the  primaries  were  turned  off  and  the  animal  kept  in  a  sound 
attenuated  environment.  Each  data  point  represents  a  10-spectra 
average  and  required  5  s  to  complete.  The  break  in  the  response 
amplitude  trace  (C-D)  represents  1  min  with  no  primary  stimulation. 
Points  A  -  F  thus  identified  in  each  trace  were  used  to  calculate 
amplitude  changes. 

One  hundred  consecutive  10-spectra  averages  of  distortion 
product  amplitude  were  obtained  during  continuous  primary 
stimulation  (f  j  =  6.25  kHz,  f  2  =  7.5  kHz,  LI  =  L2  =  60  dB  SPL)  . 
Each  of  these  averages  required  approximately  5  s  to  complete  for 
a  total  of  500  s  (8.3  min)  of  stimulation.  The  primary  tones  were 
then  simultaneously  turned  off  and  there  was  a  1  min  rest  from 
primary  stimulation.  Following  this  rest,  the  primaries  were  re¬ 
introduced  and  40  consecutive  10-spectra  averages  of  distortion 
product  amplitude  were  obtained  (total  time  approximately  200  s  or 
3.3  min  of  stimulation). 

Fig.  7.  Suramin  attenuates  the  decrease  in  the  quadratic  (f  2-f  x) 
DPOAE  amplitude  induced  by  continuous  primary  stimulation.  Shown 
are  functions  recorded  in  a  typical  animal  after  15  min  perfusions 
of  pre-drug  artificial  perilymph  perfusions  (AP2) ,  with  increasing 
concentrations  of  suramin  (0.033  -  1  mM) ,  and  a  wash. 


One  hundred  consecutive  5-spectra  averages  of  distortion 
product  amplitude  were  obtained  during  continuous  primary 
stimulation  (f  1  =  6.25  kHz,  f  2  =  7.5  kHz,  LI  =  L2  =  60  dB  SPL). 
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Each  of  these  averages  required  approximately  3.5  s  to  complete  for 
a  total  of  350  s  (5.83  min)  of  stimulation.  The  primary  tones  were 
then  simultaneously  turned  off  and  there  was  a  1  min  rest  from 
primary  stimulation.  Following  this  rest,  the  primaries  were  re¬ 
introduced  and  40  consecutive  5-spectra  averages  of  distortion 
product  amplitude  were  obtained  (total  time  approximately  140  s  or 
2.3  min  of  stimulation). 

Fig.  8.  Suramin  enhances  the  amplitude  growth  function  for  the 
quadratic  (f  2-f  i)  but  not  the  cubic  (2f  a-f  2)  DPOAE.  Shown  are 
values  obtained  in  a  typical  example  following  perfusion  of  the 
perilymph  compartment  with  a  the  second  control  artificial 
perilymph  perfusion  (AP2)  ,  suramin  (100  /i M)  ,  and  a  wash  with  AP 
(wash  1)  .  The  dashed  line  in  each  panel  represents  the  average 
value  of  the  noise  floor. 

Fig.  9.  PPADS  induces  complex  changes  in  the  overall  shape  of  the 
the  quadratic  (f  2  -f  :)  DPOAE  amplitude  induced  by  continuous 
primary  stimulation.  Response  amplitude  as  recorded  following  15 
min  perfusions  (in  silence) of  the  perilymph  compartment  with  the 
second  artifical  perilymph  (AP2) ,  increasing  concentrations  of 
PPADS  (0.033  -  1.0  mM)  and  a  wash  with  AP  (wash).  Data  collected 
as  described  in  the  legend  for  Fig.  6. 
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Fig  10.  PPADS  enhances  the  growth  functions  for  the  quadratic 
(f2  -  fi)  and  the  cubic  (2f  x-f  2)  DPOAE.  Shown  are  values  obtained 
following  collection  of  the  data  shown  in  Fig.  9  for  the  second 
control  perfusion  (AP2)  ,  PPADS  (1  mM)  ,  and  a  wash  with  AP.  The 
dashed  line  in  each  panel  represents  the  average  value  of  the  noise 
floor. 
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Abstract 

We  studied  the  efferent  suppression  of  click-evoked  otoacoustic  emissions  with  65  dB  SPL  of  white  noise  presented  to  left,  right,  or 
sometimes  both,  ears  for  408  ms.  Each  burst  of  noise  preceded  a  series  of  four  unipolar  80  jus  65  dB  peak  Sound  Pressure  clicks, 
presented  to  the  left  ear  only.  The  first  click  of  the  four-click  group  followed  the  end  of  the  noise  by  either  1,  2,  5,  10,  20,  50,  100  or  200 
ms;  each  subsequent  click  was  offset  by  20  additional  ms  via  an  ILO88  system  with  special  programming  modifications.  Conditions  were 
alternated  so  that  a  ‘without  noise’  condition  preceded  a  ‘with  noise’  condition  for  three  repetitions  of  600  clicks  per  trial.  Seven  subjects 
with  normal  hearing  participated  in  the  study,  and  three  of  the  seven  participated  in  a  test-retest  reliability  study.  Results  showed  the 
greatest  suppression  followed  binaural  stimulation  ending  within  one  to  five  ms  of  the  first  click  in  the  pulse  train.  Somewhat  less 
suppression  was  seen  following  ipsilateral  stimulation.  The  least  amount  of  suppression  was  seen  following  contralateral  stimulation, 
suggesting  that  previous  research  using  contralateral  stimulation  may  underestimate  efferent  effects.  We  saw  no  effects  when  the  end  of 
the  noise  was  100  ms  or  more  away  from  the  beginning  of  the  click  train. 

Keywords:  Otoacoustic  emissions;  Efferent  suppression;  Binaural;  Ipsilateral;  Contralateral;  Forward  masking 


1.  Introduction 

The  medial  olivocochlear  system  suppresses  segments 
of  outer  hair  cell  activity  when  activated  either  contralater- 
ally,  ipsilaterally  or  bilaterally  with  an  auditory  stimulus  of 
sufficient  duration  (Warr  et  al.,  1986;  Warr  and  Guinan, 
1978;  Puel  and  Rebillard,  1990;  Liberman,  1989;  Kujawa 
et  al.,  1993,1994). 

Previous  experiments  on  suppressing  otoacoustic  emis¬ 
sions  in  humans  have  focused  mostly  on  the  suppressive 
effects  of  continuous  contralateral  stimulation  (e.g.,  Collet 
et  al.,  1990;  Ryan  et  al.,  1991;  Berlin  et  al.,  1993a,b,1995). 

Kevanishvili  et  al.  (1992)  and  Gobsch  et  al.  (1992) 
studied  forward  masking  of  emissions  in  an  attempt  to 
relate  the  detection  of  hair  cell  suppression  to  perceptual 
masking.  They  used  either  unipolar  clicks  or  1000  Hz  tone 
bursts,  with  time  separations  of  5  to  200  ms  and  masker 
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durations  of  6  and  50  ms;  they  saw  little  ipsilateral  sup¬ 
pressive  effect  of  the  low  level  maskers  on  emission 
amplitude  when  judged  subjectively  by  three  independent 
judges. 

Henson  et  al.  (1994)  offered  a  comprehensive  summary 
of  efferent  contralateral  effects  on  otoacoustic  emissions. 
He  noted  that  most  of  the  published  work  showed  suppres¬ 
sion  or  reduction  of  emissions  during  contralateral  acoustic 
or  electrical  stimulation;  however,  some  workers,  notably 
Brown  and  Norton  (1990),  and  Plinkert  and  Lennarz 
(1992),  reported  an  occasional  increase  (as  well  as  de¬ 
crease)  in  emission  amplitude  as  a  result  of  contralateral 
stimulation. 

In  this  work  we  presented  unipolar  clicks  to  seven 
normal  hearing  human  subjects  to  show  the  suppressive 
effects  of  low  level  binaural,  ipsilateral,  and  contralateral 
white  noise  (408  ms  in  duration)  in  a  forward  masking 
paradigm.  We  used  a  proprietary  analysis  system  (Wen  et 
al.,  1993)  to  record  differences  of  as  much  as  7  dB 
between  control  and  experimental  traces  that  were  not 
immediately  apparent  to  casual  observation. 
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Methods 

The  IL088  system  is  currently  widely  used  for  the 
ecording  of  transient  evoked  emissions  (Kemp  et  ah, 
989).  In  the  default  so-called  non-linear  condition  three 
>0  dB  peak  sound  pressure  pulses  are  presented  in  one 
>olarity  while  a  fourth  pulse  is  presented  out  of  phase  with 
he  first  three  and  at  10  dB  greater  intensity.  The  resulting 
:cho  represents  the  difference  between  the  sum  of  the 
hree  echoes  elicited  at  80  dB  and  the  one  out-of-phase 
jcho  elicited  by  the  90  dB  pulse;  the  strategy  is  designed 
o  cancel  any  artifactual  ringing  which  could  be  mistaken 
or  hair  cell  echoes. 

Suppression  is  evident,  but  not  robust,  with  these  de- 
ault  conditions  (Berlin  et  al„  1993b).  In  contrast,  efferent 
effects  are  more  readily  seen  at  low  intensities  than  at  high 
ind  with  linear  rather  than  non-linear  click  trains  (Collet  et 
il„  1990;  Hood  et  al.,  1994);  therefore,  we  designed  our 
experiments  around  low  level  linear  clicks  and  noises. 

One  of  us  (D.K.)  supplied  the  program  for  an  EL088 
;ystem  to  control  the  temporal  interval  between  the  offset 
)f  a  duration-controlled  noise  stimulus  and  the  onset  of  a 
1-click  train.  We  selected  a  408  ms  duration  noise  based 
>n  the  work  of  Liberman  (1989)  and  Huang  et  al.  (1994)  to 
naximize  the  likelihood  of  activating  the  efferent  system, 
rhe  emission-evoking  80  jjl s  clicks  were  all  65  dB  peak 
;ound  pressure  and  all  of  the  same  polarity.  The  first  click 
)f  the  4-click  group  followed  the  end  of  the  noise  by  either 
;,  2,  5,  10,  20,  50,  100,  or  200  ms,  whereas  the  final  3 
dicks  followed  the  first  click  by  successive  increments  of 
>0  ms.  Conditions  were  alternated  so  that  a  ‘without  noise' 
:ondition  preceded  a  ‘with  noise’  condition  for  three  com¬ 
pete  trials.  The  order  of  ipsilateral  vs.  contralateral  vs. 


bilateral  presentation  of  the  noise  was  counterbalanced 
among  subjects  for  the  24  different  listening  conditions. 
Three  subjects  were  retested  under  conditions  where  the 
first  of  the  4  clicks  began  1  ms  after  the  termination  of  the 
noise  and  each  subsequent  click  was  offset  by  20  ms. 

Each  set  of  control  vs.  experimental  data  consisted  of 
the  mean  of  three  ‘without  noise’  trials,  and  three  ‘with 
noise’  trials,  compared  to  one  another  using  two  separate 
quantification  systems.  In  one  case  we  compared  the  mean 
echoes  to  each  other  using  the  Kemp  aggregate  echo  level 
number,  which  we  called  ‘dB-ILO’.  This  number  repre¬ 
sents  the  overall  spectral  amplitude  of  the  echoes  averaged 
by  the  IL088  system  over  a  20.48  ms  window.  The  second 
method  used  the  Kresge  Echomaster  system  (Wen  et  al., 
1993)  which  allows  custom  designed  amplitude,  time  and 
frequency  comparisons  between  means  of  control  and  ex¬ 
perimental  conditions.  We  chose  to  quantify  the  RMS 
differences  between  the  echoes  in  two  ms  segments  and 
labeled  this  number  ‘dB-K’  to  differentiate  it  from  the 
overall  RMS  number  available  from  the  ILO88  system. 
The  Kresge  Echomaster  system  also  allowed  us  to  make 
temporal  comparison  of  differences  between  segments  of 
the  control  and  experimental  echoes  in  40  jjls  steps  (See 
Table  1  later  for  examples). 


3.  Results 

The  binaural  noise  condition  generated  1 .5  to  2  dB-ILO 
of  emission  suppression  when  the  noise  preceded  the  first 
click  in  the  train  by  one  to  twenty  ms.  Thereafter  the 
suppressive  effects  decreased  as  time-separation  increased. 


RMS  Mean  8-18  msec 


Time  to  first  click 

"ig.  i.  The  effects  of  408  msecs  of  binaural,  contralateral,  or  ipsilateral  noise  preceding  a  left  ear  click  train  in  which  the  first  click  started  at  1,2,  5,  10, 
iO,  100,  and  200  msecs  after  the  end  of  the  noise  burst.  Each  of  the  subsequent  clicks  was  offset  by  an  additional  20  msecs.  The  mean  and  1  Standard 
deviation  are  presented  using  the  amplitude  difference  data  between  8-18  msecs  from  the  Kresge  Echomaster  (KEM)  3.0  program. 
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The  amount  of  suppression  to  binaural  noise  shown  in  Fig. 

!  is  2.5  to  4  dB-K  between  8  and  18  ms  after  the  click 
stimulation,  a  zone  in  which  the  majority  of  suppression  is 
seen.  The  values  for  ipsilateral  and  contralateral  suppres¬ 
sion  are  respectively  smaller  in  this  forward  masking 
paradigm.  Fig.  2  compares  suppressive  effects  of  binaural, 
ipsilateral  and  contralateral  noise  at  1,  10,  50  and  200  ms 
time  separations  between  the  end  of  the  noise  and  start  of 
the  first  click.  The  suppression  is  expressed  in  dB-K. 

Fig.  3  offers  another  view  of  the  same  data.  Here  we 
compare  the  data  in  dB-K  over  the  4  to  20  ms  period  of 
the  KEM  3.1  program  analysis,  showing  the  binaural  data 
only  when  the  noise  terminates  1,  5,  20,  and  200  ms  before 
the  first  click.  Then  in  the  companion  figure  we  show 
similar  binaural  data  for  time-separations  of  2,  10,  50  and 
100  ms  between  the  end  of  the  noise  and  the  beginning  of 
the  first  click.  Again  three  primary  trends  are  evident: 

1.  The  shorter  the  time-separation  between  the  end  of  the 
noise  and  first  click,  the  greater  the  suppressive  effect 
( F  ~  6.44;  df=  7,42;  P  <  0.001).  Duncan’s  Range  Test 
showed  that  l  ms  time  separation  is  most  effective. 
There  were  no  significant  differences  between  2,  5,  10, 
and  20  ms  of  separation.  Thereafter  separations  of  50, 


100,  and  200  ms  all  differed  significantly  from  one 
another. 

2.  Suppression  of  2.5  to  3.5  dB-K  takes  place  in  the  8-18 
ms  zone  after  click  onset  (F  =  10.37;  df=  8,48;  P< 
0.001).  Duncan’s  range  Test  showed  that  the  greatest 
effects  occur  between  18  and  20  ms.  No  significant 
differences  were  seen  between  10  and  18  ms,  while  the 
least  suppression  was  seen  in  the  2-8  ms  ranges. 

3.  Binaural  noise  generates  more  efferent  suppression  than 
either  ipsilateral  or  contralateral  noise  (F  =  1 1.43;  df  = 
2,12;  P<  0.005).  Duncan’s  Range  Test  showed  that, 
while  binaural  noise  generated  the  most  suppression, 
ipsilateral  and  contralateral  stimulation  did  not  differ 
from  one  another  in  their  suppressive  abilities,  although 
they  did  exert  significant  amounts  of  suppression.  We 
also  observed  that  the  sum  of  ipsilateral  and  contralat¬ 
eral  suppression  was  within  0.8  of  a  dB  of  the  suppres¬ 
sion  generated  by  binaural  noise  as  was  predicted  by 
Kirk  and  Johnstone  (1993). 

Spectral  analysis  through  a  Hanning  window  available 
in  the  KEM  3.1  program  showed  a  gradual  shift  in  the 
largest  spectral  difference  (at  2344  Hz)  from  6.328  dB  of 
binaural-noise-induced-suppression  when  the  first  click 


Time  in  msec 


RMS  10  Msec 


RMS  50  Msec  RMS  200  Msec 


Fig.  2.  The  emission-suppressing  effects  of  binaural,  ipsilateral  and  contralateral  noise.  Data,  expressed  in  db-K,  are  grouped  by  time  intervals  in  which  the 
noise  preceded  the  First  of  four  click-evoked  emission  by  either  1,  10,  50  or  200  msecs. 
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)wed  the  noise  by  only  one  ms,  dropping  to  2.267  dB 
DO  ms  time  separation,  and  then  down  to  0.394  dB  at 
ms  time  separation  for  one  representative  subject 
J.).  Other  subjects  showed  qualitatively  similar  sup- 
sion  in  spectral  zones  between  1000  and  3000  Hz. 

Ve  checked  test-retest  reliability  for  three  subjects, 
i  for  one  subject  are  shown  in  Fig,  4.  Group  analysis 
vs  reliability  as  high  as  0.62  for  the  binaural  data  at  1 
time- separation  but  only  0.13  for  the  ipsilateral  data 
0.046  for  the  contralateral  data.  Reliability  in  general 
as  the  time  separation  between  the  end  of  the  noise  and 
onset  of  the  click  increased.  This  observation  suggests 
the  binaural  effects  are  clearly  more  robust  and  more 
ible  than  either  ipsilateral  or  contralateral  stimulation 
lis  forward  masking  paradigm  with  humans. 


)iscussion 

There  are  two  major  efferent  systems  which  can  affect 
emissions  reaching  the  recording  microphone:  the  mid¬ 


dle  ear  muscle  reflex  efferent  motor  loop,  and  the  olivo¬ 
cochlear  efferents.  The  80  /xs  click  stimuli  in  this  experi¬ 
ment  were  just  detectable  by  our  normal  subjects  at  38  dB 
peak  sound  pressure.  Thus,  since  the  clicks  used  in  the 
experiment  were  presented  at  65  dB  peak  sound  pressure, 
they  were  only  at  27  dB  HL,  a  level  far  too  faint  to  evoke 
a  clinically  measurable  middle  ear  muscle  reflex.  The 
threshold  for  the  noise  was  22  dB  SPL;  therefore,  the  65 
dB  SPL  noise  was  only  43  dB  HL,  also  a  level  far  too  low 
to  elicit  a  clinical  middle  ear  muscle  reflex. 

The  suppressive  effects  are  actually  large'st  when  the 
clicks  and  the  noise  are  at  lower  intensities.  We  know  this 
from  separate  work  completed  after  this  present  experi¬ 
ment  had  started,  which  showed  us  that  the  suppressive 
effects  of  contralateral  noise  were  largest  when  the  clicks 
were  at  55  dB  peak  sound  pressure;  the  relative  effects 
diminished  when  either  the  noise  or  the  clicks  were  pre¬ 
sented  at  higher  intensities  (Hood  et  al.,  1994),  a  phe¬ 
nomenon  also  reported  by  Collet  et  al.  (1990). 

Finally,  studies  of  people  with  no  middle  ear  muscle 
function  (e.g.,  Collet  et  al.,  1990;  Berlin  et  al.,  1993a)  all 
suggest  that  the  middle  ear  muscle  reflex  did  not  partici- 
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3  Shows  binaural  noise  suppression  data  for  1,  5,  20  and  200  msecs  of  time-separation  between  the  end  of  the  noise  and  the  beginning  of  the  first  of 
r  clicks.  The  companion  figure  shows  the  data  for  2,  10.  50  and  100  msecs.  Data  are  expressed  in  db-K. 
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pate  in  this  experiment,  although  of  course  it  is  impossible 
to  completely  rule  out  subclinical  middle  ear  muscle  con¬ 
traction  in  any  one  subject. 

Still  another  potential  confounding  problem  in  such 
experiments  is  acoustic  crosstalk.  If  standard  ear  phones 
such  as  TDH-39  with  MX  41  -AR  cushions  had  been  used, 
crossover  by  bone  conduction  or  even  partly  by  air  con¬ 
duction  could  conceivably  take  place  at  levels  as  low  as  40 
dB  HL.  However,  in  this  experiment  we  used  insert  ear¬ 
pieces  from  the  Kemp  system;  the  psychophysical  crossover 
in  similar  insert  earphones  exceeds  70-90  dB  in  frequen¬ 
cies  below  1000  Hz  and  60-70  dB  in  frequencies  above 
1000  Hz  (Killion,  1984). 

Liberman  and  Brown  (1986)  showed  almost  no  efferent 
suppression  in  cats  stimulated  by  25  ms  or  less  of  noise 
stimulation;  optimum  durations  to  activate  the  efferents 
were  reported  to  reach  an  asymptote  between  50  and  500 
ms.  Within  the  limits  of  the  technical  difficulties  to  be 
described,  our  findings  suggest  that  the  human  efferent 
system  overlaps  at  least  one  part  of  the  time-frame  seen  in 
cats. 


Binaural  stimulation  in  the  forward  masking  paradigm 
predictably  elicited  more  robust  and  more  reliable  efferent 
suppression  of  evoked  otoacoustic  emissions  than  either 
ipsilateral  or  contralateral  stimulation.  In  absolute  numeri¬ 
cal  terms,  however,  more  suppression  is  seen  with  continu¬ 
ous  60  dB  SPL  contralateral  noise  stimulation  when  the 
click  is  at  55  dB  peak  Sound  Pressure  (~  17  dB  HL)  than 
we  see  in  the  binaural  condition  in  this  forward  masking 
experiment  (Hood  et  al.,  1994;  Berlin  et  al.,  1995).  This 
observation  is  to  be  expected  because  of  the  forward 
masking  nature  of  the  paradigm;  the  continuously  running 
noise  paradigm  would  confound  data  collection  during 
conditions  of  ipsilateral  and  binaural  efferent  stimulation. 


5.  Technical  difficulties 

We  recognize  several  problems  with  the  data  presenta¬ 
tion  in  this  experiment.  Because  of  constraints  in  the 
available  software,  the  click  stimuli  could  only  be  deliv- 


Binaural 


Fig.  4.  One  subject’s  test-retest  reliability  for  the  time  separation  of  1  ms  between  the  end  of  the  binaural,  ipsilateral  or  contralateral  noise. 
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i  in  packets  of  four  stimuli  per  stimulation  unit.  Thus, 
en  we  described  a  click  train  as  beginning  ‘1  ms  after 
end  of  the  noise,’  it  was  only  the  first  of  the  4  clicks 
t  was  one  ms  away  from  the  end  of  the  noise.  The  other 
it  pulses  were  21,  41,  and  61  ms  away  from  the  end  of 
noise  respectively.  Yet  each  of  the  responses  to  the 
;ks  is  added  into  the  average  obtained  by  the  IL088. 
nilarly,  in  the  50  ms  condition  the  last  3  clicks  were 
sented  71.  91,  and  111  ms  after  the  end  of  the  noise, 
us,  whatever  efferent  effects  we  report  here  are  likely  to 
it  been  attenuated  because  three-quarters  of  the  600 
:ks  used  to  comprise  a  single  file  were  20-60  ms  later 
n  the  intended  time-relationship  to  the  end  of  the  noise. 
We  are  indebted  to  G.I.  Frolenkov  (Frolenkov  et  al., 
and  Tavartkiladze  et  al.,  1995)  for  pointing  out  to  us 
t,  in  order  to  avoid  acoustic  interaction  between  the  end 
the  noise  and  the  beginning  of  the  first  click,  we  should 
/e  allowed  the  noise  about  5  ms  to  decay.  This  was  not 
atal  flaw  in  any  of  our  data  collection  since  only  the 
;t  click  in  the  series  was  within  1-5  ms  of  the  offset  of 
:  noise:  all  subsequent  clicks  were  offset  by  at  least  20 

If  we  were  to  present  only  a  single  click  after  the  end  of 
i  noise,  the  80  ms  window  averaging  paradigm  used  by 
i  IL088  would  still  include  the  data  from  the  three 
bsequent  empty  ‘vacated’  bins  as  ‘noise1  and  would 
enuate  the  apparent  size  of  the  averaged  evoked  emis- 
>ns  by  a  factor  of  three.  [We  have  recently  observed  that 
1 -click  experiment  in  this  paradigm  yields  about  the 


same  data  as  a  4-click  train  experiment;  in  addition  we 
find  that  there  may  be  gender  differences,  laterality  effects 
and  occasionally  even  reverse  suppression  effects  which 
have  to  be  taken  into  consideration  in  future  experiments 
(Berlin  et  al.,  1995;  Barham  et  al.,  1995)]. 

The  broad-band  click  and  broad-band  noises  potentially 
ignore  frequency  specificity  reported  in  experiments  of  this 
sort  (e.g.,  Liberman,  1989).  Thus  an  improved  experiment 
would  have  all  of  the  echo-evoking  stimuli  in  the  same 
time  registration  with  respect  to  the  end  of  the  noise, 
would  include  the  echoes  from  only  a  single  20.48  ms  bin 
following  the  click,  would  take  into  consideration  ear  and 
gender  effects,  and  would  focus  on  various  frequency 
bands,  where  presumably  the  effects  might  be  even  larger 
than  we  report  here. 

6.  Of  what  value  is  a  3  to  6  dB  effect  in  the  auditory 
system? 

A  forward  masking  effect  of  3-6  dB-K  suppression  of 
hair  cell  activity,  which  we  saw  when  both  ears  were 
exposed  to  approximately  a  half-second  of  noise,  would  be 
even  larger  if  it  could  be  measured  while  the  noise  were 
continuously  active.  This  work  supports  Liberman’s  pre¬ 
diction  that  200  ms  or  more  durations  of  noise  would  adapt 
outer  hair  cell  function  leading  to  a  change  in  the  excita¬ 
tion  pattern  of  inner  hair  cells  and  single  units.  Liberman 
proposed  that  the  presence  of  the  noise  probably  changed 
the  baseline  operating  characteristics  of  the  outer  hair  cells 


g.  5.  Two  averaged  emissions  traces  (Echo  File  A  =  the  mean  of  three  trials  without  noise  compared  to  Echo  File  B  =  the  mean  of  three  trials  with  noise) 
■pear  to  have  only  1.410  dB  difference  between  them  when  scanned  from  2  through  20  msecs  (vertical  bars  marked  Start  and  End)  but,  in  fact,  have 
417  dB  amplitude  differences  between  them  when  scanned  between  14  through  16  msecs  after  stimulation.  See  numerical  codes  to  the  right  of  each 
splay  for  clarification.  Companion  Table  1  shows  actual  data  values  for  these  traces  for  Time  Segment  in  msecs,  Rxy  (correlation),  RMS  differences,  and 
me  Delay  between  traces  in  msecs. 
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and  would  adapt  single  units  faster,  in  preparation  for 
upcoming  transients;  if  such  a  shift  were  to  be  applied  to 
the  sharply  rising  edge  of  a  speech  intelligibility  curve 
such  as  the  articulation  index,  (Pavlovic,  1994)  it  could 
conceivably  improve  connected  speech  intelligibility  in  a 
borderline  noisy  situation  by  as  much  as  40-60%  (see 
for  example  Humes  et  al.,  1986;  Pavlovic,  1994;  Hood  et 
al„  1991).  Thus,  shifts  in  the  baseline  from  which  listening 
in  noise  takes  place,  or  anti-maski9X  phenomena  as  out* 
lined  by  Hirsh  (1948),  Licklider  (1948),  Nieder  and  Nieder 
(1970),  Kawase  et  al.  (1993),  or  Kawase  and  Liberman 
(1993),  might  be  traced  to  outer  hair  cell  changes  con¬ 
trolled  by  the  efferent  nervous  system,  which  helps  to 
facilitate  listening  in  noise.  We  would  not  expect  the 
effects  of  efferent  function  to  be  dramatic  and  outstanding 
in  humans  (cf.,  Scharf  et  al.,  1994)  without  the  conditions 
which  mimic  real-life  listening  conditions,  including  (pre¬ 
ferably)  binaural  presence  of  long  durations  ( >  200  ms)  of 
noise.  However,  Henson  et  al.  (1994)  suggest  that  cochlear 
reverberation  may  be  reduced  through  activation  of  the 
efferents  in  bats.  A  similar  reduction  in  cochlear  reverbera¬ 
tion,  as  yet  unreported  in  humans,  would  serve  to  essen¬ 
tially  improve  the  signal-to-noise  ratio  whenever  it  oc¬ 
curred. 


7.  Relationship  to  other  forward  masking  work  on 
emissions 

Kevanishvili  et  al.  (1992)  and  Gobsch  et  al.  (1992) 
presented  work  studying  the  relationship  of  forward  mask¬ 
ing  to  emission  suppression.  They  studied  whether  percep¬ 
tual  masking  occurred  at  the  hair  cell  and  cochlear  parti¬ 
tion  level,  or  at  more  central  levels.  They  assumed  that  if 
masking  were  taking  place  at  the  pre-neural  level,  percep¬ 
tual  masking  and  masking  of  the  emissions  would  occur  at 
the  same  intensities  and  durations.  They  reported  that  the 
perceptual  masking  functions  and  masking  of  the  emis¬ 
sions  were  quite  separate,  and  in  fact  used  maskers  of  80 
and  68  dB  SPL  to  prove  that  point.  Whether  or  not  they 
induced  middle  ear  muscle  reflexes  is  debatable,  but  the  5 
ms  delay  between  noise  offset  and  click  onset  should  have 
vitiated  most  if  not  all  of  those  effects.  Yet  these  conscien¬ 
tious  workers  did  not  report  that  they  saw  much  masking 
of  the  emissions.  Our  contention,  after  looking  at  their 
waveforms,  is  that  there  are  many  amplitude  and  phase 
changes  in  the  tracings  that  they  published,  which  could  be 
easily  ignored  by  someone  looking  simply  at  patterns  but 
that  could  be  quantified  by  summing  traces  from  similar 
conditions  and  overlapping  conditions  with  and  without 
masking.  Any  deviations  from  perfect  correlation  might  be 
due  to  either  noise  or  phase  and  amplitude  changes.  Our 
analysis  program  is  capable  of  quantifying  such  a  change, 
where  the  eye  is  not.  For  example,  using  data  that  do  not 
appear  to  show  much  difference  between  traces  by  casual 


Table  1 

Echo  RXY,  RMS  differences  and  delay  values  for  Fig.  5 


Time 

(ms) 

(x  =  A,  y  =  B) 

RMS 

(A-B  in  dB) 

Delay 

(B  to  A  in  ms) 

2.00-  4.00 

0.972 

0.14 

0.000 

4.00-  6.00 

0.964 

0.35 

0.000 

6.00-  8.00 

0.950 

0.99 

0.000 

8.00-10.00 

0.867 

1.96 

-0.040 

10.00-12.00 

0.913 

2.36 

-0.040 

12.00-14.00 

0.836 

3.21 

-0.040 

14.00-16.00 

0.610 

4.42 

-0.080 

16.00-18.00 

0.771 

2.48 

-0.080 

18.00-20.00 

0.809 

3.72 

-0.040 

inspection,  we  can  show  differences  of  4.417  dB  (Fig.  5) 
between  14  and  16  ms  but  only  1.4  dB  when  viewed 
globally  over  a  2-20  ms  period  after  stimulation.  Such 
minuscule  visual  differences  in  Gobsch  et  al.  (1992)  and 
Kevanishvili  et  al.  (1992),  could  easily  be  overlooked  by 
naked  eye  scanning  unless  one  overlapped  the  traces  and 
made  a  systematic  point-by-point  analysis.  The  numbers 
from  such  an  analysis,  taken  in  2  ms  steps,  is  provided  in 
Table  1.  The  first  column  lists  the  selected  time  segments. 
The  second  column  shows  the  correlation  between  the 
‘without’  and  ‘with’  noise  traces  in  each  time  segment,  the 
third  column  the  RMS  amplitude  differences  in  dB  in  each 
time  segment,  and  the  fourth  column  shows  any  shifts  in 
ms  between  the  two  traces.  The  resolution  here  is  40  fis 
per  point. 

One  other  difference  must  be  addressed.  Gobsch  and 
Kevanishvili  first  collected  emissions  data  without  mask¬ 
ing.  Then  they  conducted  their  masking  experiments  and, 
at  the  end  of  the  masking  experiments,  collected  emissions 
again  to  clicks  alone.  They  did  not  report  any  changes 
between  the  control  conditions  before  and  alter  the  experi¬ 
ment.  We  have  found  that  unless  we  alternated  the  condi¬ 
tions  of  testing  (three  conditions  each  of  ‘without’  alter¬ 
nated  with  three  conditions  of  ‘with’  masking)  we  would 
see  a  small  but  measurable  change  in  the  baseline  of 
emission  amplitude  without  any  contralateral  stimulation, 
which  could  have  obscured  our  visualization  of  experimen¬ 
tally  induced  suppression. 


8.  Conclusions 

We  studied  the  suppressive  effects  of  binaural,  con¬ 
tralateral  and  ipsilateral  white  noise  on  linear  TEOAEs. 
Binaural  stimulation  elicits  the  most  suppression  of  otoa- 
coustic  emissions  in  a  forward  masking  paradigm  when  the 
onset  of  the  click  train  is  20  ms  or  less  after  the  offset  of  a 
408  ms  white  noise  burst.  Less  suppression  occurred  to 
ipsilateral  or  contralateral  stimulation,  and  the  suppression 
essentially  disappeared  when  the  end  of  the  noise  was  10C 
ms  or  more  away  from  the  beginning  of  the  click  train. 
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There  are  two  broad  categories  of  otoacoustic  emissions  (OAEs): 
spontaneous  and  evoked  (Table  3-1).  Spontaneous  otoacoustic  emissions, 
or  SOAEs,  by  definition  occur  spontaneously,  requiring  no  external  stim- 
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nents  terminate  primarily  on  the  outer  hair  cells,  whereas  the  lateral  !  use  of  linear  clicks  (all  clicks  of  like  phase)  is  both  desirable  and  possible 

olivocochlear  components  terminate  mainly  on  primary  auditory  neu-  I  since  lower  intensity  stimuli  are  generally  used  in  suppression  studies, 

rons  at  the  base  of  the  inner  hair  cells.  Outer  hair  cell  activity  is  believed  i  Suppressor  (masker)  stimuli  are  generated  either  externally  (when  con- 

to  be  modified  through  the  medial  efferent  connections.  Function  of  these  i  tralateral  noise  is  presented  simultaneously)  or  internally  by  the  1LOB8 


obtained  from  the  EchoMaster  analysis  is  shown  in  Figure  3-2. 

Figure  3-1.  Transient  Evoked  Otoacoustic  Emissions  (TEOAEs)  obtained  from  a  Prior  to  addition  of  data,  like  conditions  (i.e.,  the  three  conditions 

normal  subject  using  linear  clicks.  without  noise  and  the  three  conditions  with  noise)  are  reviewed  for  data 
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Suppression  also  is  demonstrated  as  a  change  in  the  time  of  occur-  i 

rence  of  peaks  or  zero  crossings  in  the  emissions,  particularly  at  later  time  1 

periods.  Introduction  of  contralateral  noise  causes  a  decrease  in  the  laten-  Do  intensity  Levels  of  the  Click  and  Noise  Affect  Suppression? 

cy  of  peaks  relative  to  the  stimulus,  or  a  'negative"  time  delay.  This  can  yye  reasoned  that  because  otoacoustic  emissions  are  associated  with 

e  seen  in  the  lower  tracing  of  Figure  3-2  where  the  peaks  in  the  sup-  cochlear  processes  occurring  in  response  to  low-intensity  stimuli,  it  is 
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;tract 

Transient  evoked  otoacoustic  emissions  (TEOAEs)  were  recorded  to  clicks  presented  at  peak  sound  pressures  of  50,  55,  60,  65  and 
iB  while  continuous  contralateral  white  noise  was  varied  from  10  dB  below  to  10  dB  above  the  click  level.  Suppression  increased 
dictably  with  suppressor  noise  level  for  any  given  click  level.  However,  when  the  suppressor  noise  level  was  held  constant, 
pression  was  greater  for  lower  click  levels.  This  observation  is  consistent  with  the  association  of  suppression  of  otoacoustic 
ssions  with  active  cochlear  processes  and  efferent  function  at  low  intensity  levels. 

/words:  Otoacoustic  emission;  Transient-evoked  otoacoustic  emission;  Contralateral  suppression;  Human;  Intensity  level 


Introduction 

Studies  of  the  amplitude  characteristics  of  transient- 
)ked  otoacoustic  emissions  (TEOAEs)  as  a  function 
stimulus  intensity  agree  that  TEOAE  amplitude  in- 
;ases  non-linearly  with  stimulus  level  and  reaches 
uration  at  high  intensity  levels  (Wit  and  Ritsma, 
79;  Kemp  and  Chum,  1980;  Zwicker,  1983;  Zwicker 
d  Schloth,  1984).  The  effects  of  intensity  level  on 
opression  of  TEOAEs  are  less  clear  and  click  and 
ise  level  combinations  yielding  the  greatest  suppres- 
•n  have  not  been  systematically  studied.  For  a  given 
mulus  level,  the  amount,  of  suppression  increases  as 
^  suppressor  level  increases  (e.g.  Collet  et  al.,  1990; 
rlin  et  al.,  1993b).  However,  when  the  contralateral 
ise  level  is  held  constant  and  the  stimulus  level  is 
ried,  the  amount  of  suppression  is  reported  to  be 
atively  constant  (Veuillet  et  al.,  1991).  This  finding 
inconsistent  with  reports  of  greater  suppression  of 
ditory  nerve  responses  by  lower  intensity  electrical 
acoustic  stimuli  with  either'  a  saturation  or  lesser 
ect  at  higher  intensity  levels  (e.g.  Nieder  and  Nieder, 
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1970;  Gifford  and  Guinan,  1987;  Warren  and  Liber¬ 
man,  1989). 

This  study  had  two  goals:  (1)  to  determine  appro¬ 
priate  click  and  noise  levels  for  basic  and  clinical  studies 
of  TEOAE  suppression,  and  (2)  to  address  the  discrep¬ 
ancy  between  reported  intensity  effects  on  suppression 
of  emissions  versus  auditory  nerve  responses.  We  exam¬ 
ined  suppression  of  transient  evoked  otoacoustic  emis¬ 
sions  in  human  subjects  while  systematically  varying 
both  the  emission  eliciting  stimulus  and  the  suppressor 
noise  over  a  wide  range  of  click  and  suppressor  noise 
levels. 


2.  Methods 

2.1.  Subjects 

TEOAEs  were  obtained  from  the  right  ears  of  48 
subjects  (made  up  of  28  separate  individuals)  with  nor¬ 
mal  hearing,  ranging  in  age  from  12  to  59  years  (mean 
age  of  26.6  years;  1  S.D.  of  9.3  years).  Because  of  the 
time  involved  in  testing  each  subject  at  multiple  noise 
levels  within  each  click  group,  the  same  subjects  were 
not  included  in  all  click  groups  during  the  8  month 
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Echo  File  A 


60/66140 . Mean 


Echo  File  B 


60/66U . Mean 


O  (nsec > 


5.000 


JLO  .OQ 


15.00 


ZONED  DATA 
T I ME (nsec) 
1st :  8 .OOO 
2nd:  18.00 
2-1:  10.00 

AMP. (pPa) 
Ai:-31 .68 
A2:-71.76 
B1 : 32 . 16 
B2 : —21 . 12 

RMS  <dB ) 
A: 11.540 
B : 7 . 674 
A— B I 3 . 866 

CORRELATION 
Rxvf :  O  .  786 
20.00  Dly  1-0.080 


Fig.  1.  A  sample  printout  from  the  Kresge  EchoMaster  program.  In  the  lower  portion  of  the  figure,  the  time  series  of  emissions  obtained  with 
out  contralateral  noise  (tracing  A.  thin  line)  and  with  contralateral  noise  (tracing  B.  thick  line)  have  been  bracketed  to  focus  on  the  8-18  m 
range.  The  graph  in  the  upper  portion  of  the  figure  (above  the  emission  tracings)  shows  the  amplitude  differences  (thin  line)  across  the  time  s 
nes. 


duration  of  the  experiment.  Eight  subjects  were  evalu¬ 
ated  using  50  dB  peak  SP  (sound  pressure)  clicks  (5 
females,  3  males),  9  subjects  using  55  dB  clicks  (5  fe¬ 
males,  4  males),  9  subjects  using  60  dB  clicks  (6  females. 
3  males),  10  subjects  using  65  dB  clicks  (5  females. 

5  males),  and  12  subjects  using  70  dB  clicks  (6  females, 

6  males).  The  mean  age  for  each  of  the  5  groups  ranged 
from  25.8  to  28.0  years. 

2.2.  Methods  and  apparatus 

Eighty  microsecond  “linear”  clicks  were  presented  in 
an  IAC  sound-treated  room  to  subjects*  right  ears  at 
peak  sound  pressures  (peak  SP)  of  50,  55,  60,  65  and  70 
dB  and  a  rate  of  50  clicks/s  through  the  standard  probe 
of  an  Otodvnamics  IL088  otoacoustic  emission  system. 
The  computer  processor  unit  was  outside  the  sound 
room  to  maintain  low  ambient  noise  in  the  test 
environment.  “Linear”  clicks,  defined  for  the  Otodv- 
namics  IL088  system  as  groups  of  4  clicks  of  the 
same  polarity,  were  selected  rather  than  the  “non-line¬ 
ar”  clicks  (where  the  fourth  click  of  a  set  differs  in 
polarity  and  intensity)  to  avoid  distortion  of  emission 
amplitude.  For  the  80  pi  clicks  generated  by  this  sys¬ 
tem,  the  average  behavioral  threshold  in  a  group  of 
normal-hearing  subjects  was  38  dB  peak  sound  pressure 
(SP).  ^  . 

Continuous  contralateral  white  noise  was  generated 
by  a  Grason-Stadler  1701  audiometer  and  presented  to 
the  subjects’  left  ears  through  an  Etymotic  Research 


ER-3A  insert  earphone.  The  average  behavioral  thresl 
old  for  the  noise  was  28  dB  SPL.  The  sound  pressure 
level  (SPL)  of  the  noise  was  continuously  monitored 
during  testing  by  an  Etymotic  Research  ER-10  prot 
microphone  placed  in  the  ear  canal.  The  intensity  of  the 
suppressor  noise  was  varied  from  10  dB  below  the  click 
peak  SP  to  10  dB  above  the  click  peak  SP  in  2  dB  step 
Thus,  when  the  clicks  were  at  50  dB  peak  SP  the  coi 
tralateral  white  noise  varied  from  40  to  60  dB  overal 
SPL,  when  the  clicks  were  at  55  dB  peak  SP  the  cor 
tralateral  white  noise  varied  from  45  to  65  dB  overa 
SPL,  etc.  Responses  to  1040  clicks  were  averaged  across 
a  20  ms  time  window  for  each  test  condition  usinp 
artifact  rejection.  Stimulus  levels  were  monitored  fc 
stability  and  responses  were  accepted  only  when  the 
stimulus  stability  exceeded  80%  and  the  reproducibilit} 
of  the  emissions  exceeded  70%.  Subjects  were  presente 
3  without-noise  and  3  with-noise  conditions  at  each  ( 
the  1 1  noise  levels  for  a  total  recording  of  66  individual 
TEOAEs  at  each  click  level.  The  without-noise  anJ 
with-noise  conditions  were  interleaved  for  each  clic 
and  noise  combination. 

2.3.  Data  analysis 

Each  of  the  emissions  obtained  for  each  test  condi¬ 
tion  (i.e.,  without  noise  and  with  noise)  were  viewe 
separately  and  compared  for  response  consistenc 
Then  the  3  replications  without  noise  were  averaged 
together  and  the  3  replications  with  noise  were  average 
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2.  Mean  suppression  amplitude  for  all  click  and  noise  intensi- 
Motted  as  a  function  of  the  absolute  level  of  the  contralateral 
ressor  noise.  Suppression  is  determined  by  subtracting  the 
lout-noise"  condition  from  the  “with-noise  condition.  Since 
ression  results  in  a  decrease  in  the  amplitude  of  the  emission. 
Tiore  negative  the  number,  the  greater  the  suppression  effect. 
:e  noise  levels  producing  significantly  greater  suppression  than 
r  noise  levels  for  each  click  intensity  are  marked  with  an  aster- 

*). 


sther,  yielding  averages  of  3120  sweeps  for  each  test 
dition  for  each  subject.  Suppression  was  determined 
subtracting  the  without-noise  condition  from  the 
n-noise  condition.  Thus,  greater  suppression  was 
lonstrated  with  more  negative-going  difference 
:es.  Rms  amplitude  differences  between  without- 
se  and  with-noise  conditions  were  compared  using 
Kresge  EchoMaster  (KEM)  emissions  analysis  pro- 
m  version  3.0  (Wen  et  ah,  1993).  A  sample  printout 
m  the  KEM  program  is  shown  in  Fig.  1.  In  the  lower 
•ffon  of  Fig.  1,  the  time  series  of  emissions  obtained 
hout  contralateral  noise  (tracing  A,  thin  line)  and 
h  contralateral  noise  (tracing  B.  thick  line)  have 
:n  bracketed  to  focus  on  the  8-18  ms  range.  The 
ph  in  the  upper  portion  of  the  figure  (above  the 
ission  tracings)  quantifies  differences  between  the 
hout-noise  and  with-noise  conditions  across  the 
ie  series  in  2  ms  steps.  The  amplitude  differences, 
npared  in  the  present  study,  are  shown  by  the  thin 
2  in  the  upper  portion  of  the  figure  (see  arrow). 
Amplitude  values  across  the  8-18  ms  time  period 
re  averaged  to  obtain  a  single  number  representing 
:  amplitude  of  each  emission.  This  time  period  was 
ected  based  upon  previous  studies  showing  greater 
Dpression  amplitude  in  later  time  periods  (e.g.  Veuil- 
et  al.,  1991;  Berlin  et  al„  1993b).  Data  in  the  18-20 
,  time  period  were  not  included  since  emission  ampli- 
ie  was  near  or  below  the  noise  floor.  Repeated  meas¬ 
es  analyses  of  variance  were  performed  to  examine 
i  effects  of  the  click  and  suppressor  noise  intensities. 
»st-hoc  testing  used  Fisher's  PLSD  range  test.  To 


compare  suppression  at  a  common  noise  level  across 
the  5  click  intensity  levels,  suppression  data  with  con¬ 
tralateral  noise  levels  from  59  to  61  dB  SPL  were  com¬ 
pared  for  all  5  click  levels. 


3.  Results 

3.7.  TEOAE  amplitude 

The  mean  TEOAE  amplitude  between -8  and  18  ms 
without  contralateral  noise  was  4.07  dB  SPL  for  50  dB 
peak  SP  clicks,  5.13  dB  SPL  for  55  dB  peak  SP  clicks, 
9.05  dB  SPL  for  60  dB  peak  SP  clicks,  5.76  dB  SPL  for 
65  dB  peak  SP  clicks  and  7.99  dB  SPL  for  70  dB  peak 
SP  clicks.  The  use  of  different  subjects  at  the  various 
click  levels  is  the  most  likely  explanation  for  the  dis¬ 
continuity  in  growth  of  emission  amplitude  observed  at 
65  dB. 

Since  the  IL088  system  is  most  widely  used  for  tran¬ 
sient  evoked  otoacoustic  emission  testing,  we  compared 
the  full  20  ms  time  window  amplitude  value  to  the  8-18 
ms  time  window'  amplitude  we  use  in  quantifying  sup¬ 
pression.  For  the  48  subjects  in  this  study,  calculation 
of  suppression  between  8  and  18  ms  w'as  greater  for  39 
subjects  than  was  suppression  calculated  across  the  en¬ 
tire  time  window  wrhich  supports  previous  reports  that 
greater  suppression  is  observed  in  later  time  periods 
(Veuillet  et  al.,  1991;  Berlin  et  al.,  1993a).  In  addition, 
we  observed  that  some  subjects  wiio  show?ed  very  little 
suppression  across  either  the  full  time  window  or  in  the 
averaged  8-18  ms  range  demonstrated  substantial  sup¬ 
pression  in  more  restricted  time  periods  between  8  and 
18  ms. 


Click  Level  in  dB 

Fig.  3.  Mean  suppression  and  1  S.E.  comparing  the  5  click  intensity 
levels  for  contralateral  suppressor  noise  levels  of  59-61  dB  SPL. 
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3.2.  Comparison  of  all  click  and  suppressor  noise  levels 

For  any  given  click  intensity  level,  suppression  of 
TEOAEs  increased  with  increasing  level  of  the  suppres¬ 
sor  noise.  Suppression  of  emissions  by  higher  noise  lev¬ 
els  was  significantly  greater  (P  <  0.001)  than  by  lower 
noise  levels  for  each  of  the  5  click  intensity  level  groups. 
Fig.  2  shows  the  mean  suppression  for  each  of  the 
5  click  levels  and  the  11  suppressor  noise  levels.  For 
the  50  and  55  dB  peak  SP  clicks,  noise  levels  below 
50  dB  SPL  yielded  little  or  no  suppression.  Suppression 
variability  across  subjects,  based  upon  the  standard  er¬ 
ror  of  the  mean  for  each  of  the  click  and  noise  intensity 
combinations,  ranged  from  0.07  to  0.36  dB  with  a  mean 
of  0.21  dB. 

At  each  of  the  5  click  levels,  suppression  increased 
systematically  as  the  level  of  the  noise  increased  from  a 
mean  suppression  of  0.33  dB  when  the  noise  was  10  dB 
below  the  click  to  a  mean  suppression  of  1.38  dB  when 
the  noise  was  10  dB  above  the  level  of  the  click. 

3.3.  Comparison  of  suppression  at  5  click  intensities  and 
a  constant  noise  level 

For  a  constant  60  dB  SPL  noise  level  (or  the  average 
of  59  and  61  dB  SPL),  suppression  was  greater  for  click 
intensities  of  60  dB  and  below.  The  mean  suppression 
and  1  S.E.M.  for  the  5  click  levels  are  plotted  in  Fig.  3 
as  a  function  of  a  60  dB  SPL  noise  level  for  clicks  at  50, 
60  and  70  dB  peak  SP  and  an  average  of  the  59  and  61 
dB  SPL  noises  for  clicks  at  55  and  65  dB  peak  SP. 
Greater  suppression  was  observed  for  50,  55  and  60 


Click  Level  in  dB 

Fig.  4.  Mean  suppression  and  1  S.E.  for  click  and  noise  levels  where 
the  noise  level  increased  along  with  the  click  level. 


OAE  Amplitude  in  dB 
(Without  Noise) 

Fig.  5.  Scatterpiot  of  emission  amplitude  in  the  without-noise  condi¬ 
tion  plotted  against  the  amount  of  amplitude  suppression  with  59- 
61  dB  SPL  noise  levels  for  each  subject. 


dB  peak  SP  clicks  than  for  65  and  70  dB  peak  SP  dicks. 
Post-hoc  tests  showed  that  suppression  for  50  and  55 
dB  peak  SP  clicks  was  significantly  greater  (predefined 
at  P<  0.05)  than  suppression  for  65  dB  peak  SP  clicks. 

3.4.  Comparison  of  suppression  at  equal  click  and  noise 
levels 

It  was  reasonable  to  expect  that  weak  noises  would 
have  little  effect  on  stronger  clicks  (see  Fig.  3).  There¬ 
fore,  to  evaluate  suppression  when  the  click  and  noise 
levels  were  similar,  we  studied  the  data  when  50  dB  SP 
clicks  were  paired  with  50  dB  SPL  noise,  55  dB  SP 
clicks  with  55  dB  SPL  noise,  etc.  The  least  suppression 
was  observed  for  50  dB  clicks  and  this  was  significantly 
(P<0.05)  less  suppression  than  obtained  with  55,  60  or 
70  dB  clicks.  The  mean  suppression  and  1  S.E.  are 
shown  in  Fig.  4. 

3.5.  The  relationship  of  suppression  to  TEOAE 
amplitude 

Since  different  subjects  have  different  amplitude 
emissions  and  since  different  subjects  comprised  the  dif¬ 
ferent  click  level  groups,  we  wished  to  determine 
whether  emission  amplitude  and  suppression  amplitude 
were  related.  Emission  amplitude  in  the  without-noise 
conditions  was  plotted  against  suppression  amplitude 
for  each  subject  for  both  the  data  acquired  with  the 
suppressor  noise  at  or  near  60  dB  SPL  and  for  all  click 
and  suppressor  noise  levels.  The  scatterpiot  in  Fig.  5 
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iicates  a  correlation  of  0.37  between  TEOAE  ampli- 
ie  and  suppression  amplitude  for  the  59-61  dB  SPL 
ise  data.  A  similar  correlation  (r-  0.351)  was  ob- 
ned  when  both  the  click  and  suppressor  noise  inten¬ 
ds  varied. 


Discussion 

This  study  showed  that  changes  in  suppression  of 
:OAEs  as  a  function  of  click  and  contralateral  sup- 
essor  noise  intensity  levels  were  generally  monotonic 
r  increasing  noise  at  any  given  click  level  but  non- 
motonic  across  click  levels.  Greater  suppression  was 
served  for  lower  intensity  level  clicks  when  the  sup- 
essor  noise  level  was  held  constant.  The  amount  of 
ppression  did  not  appear  related  to  TEOAE  ampli- 
de. 

/.  Effects  of  click  intensity  on  suppression 

Greater  amplitude  suppression  for  emissions  was  ob- 
ined  with  lower  intensity  level  clicks  when  the  inten- 
:y  of  the  contralateral  noise  was  at  or  near  60  dB  SPL. 
lis  finding  is  inconsistent  with  the  data  of  Veuillet  et 
.  (1991)  who  found  no  decrease  in  suppression  for 
gher  intensity  clicks.  They  presented  clicks  at  levels 
om  48  to  75  dB  peak  SP  and,  in  contrast  with  the 
‘esent  study,  held  the  contralateral  noise  level  constant 
50  dB  SPL.  Since  we  did  not  use  a  noise  level  of  50 
B  SPL  for  all  click  levels,  we  cannot  directly  compare 
ie  results  of  the  two  studies. 

Decreases  in  suppression  at  higher  intensity  levels  are 
insistent  with  suppression  effects  observed  for  Ni  with 
Dth  electrical  and  acoustic  stimulation  in  studies  with 
its.  Gifford  and  Guinan  (1987)  reported  that  electrical 
imulation  of  efferent  fibers  at  the  floor  of  the  fourth 
mtricle  depressed  Ni  to  a  greater  extent  at  low  and 
toderate  click  levels  than  at  high  click  levels.  Warren 
ad  Liberman  (1989)  showed  that  the  extent  of  suppres- 
on  of  auditory  nerve  responses  is  related  to  the  level 
f  the  response-eliciting  stimulus.  They  found  that  the 
Tects  of  contralateral  sound  on  rate-level  functions 
antained  a  region  of  dynamic  growth  where  discharge 
ite  increased  rapidly  with  level  and  a  saturation  region 
'here  rate  is  maximal  with  little  or  no  change  with 
wel.  A  similar  finding  was  reported  by  Nieder  and 
fieder  (1970)  who  showed  that  electrical  stimulation 
iduced  the  magnitude  of  the  action  potential  for  low 
ut  not  high  intensity  acoustic  stimuli. 

What  needs  to  be  reconciled  is  the  difference  in  the 
auctions  obtained  when  the  noise  is  held  constant 
diile  the  click  level  increases  (Fig.  3)  versus  the  func- 
lon  when  the  noise  and  click  levels  both  increase  in 
mdem  (Fig.  4).  It  is  reasonable  to  expect  that  a  60 
B  noise  would  be  more  effective  in  suppressing  emis¬ 


sions  from  weaker  than  stronger  clicks.  When  the  click 
and  noise  levels  increase  in  tandem,  we  see  a  decrease  at 
65  dB  with  an  increase  in  suppression  at  70  dB  which 
requires  some  explanation  or  at  least  speculation.  We 
believe  that  two  possibilities  are  worthy  of  future  study : 
(1)  the  source  of  the  suppression  shifted  from  an  active 
to  passive  mechanism;  (2)  there  was  participation  of  the 
middle  ear  muscle  reflex  as  noise  levels  exceeded  70  dB 
SPL.  As  frank  speculations,  they  will  require  additional 
experimentation  to  afford  any  credibility. 

4.2.  Effects  of  suppressor  noise  level 

When  the  intensity  level  of  the  contralateral  suppres¬ 
sor  noise  was  successively  increased,  suppression  ampli¬ 
tude  generally  increased  for  each  of  the  click  levels.  This 
observation  is  supported  by  other  studies  that  have 
demonstrated  the  effects  of  noise  level  on  contralateral 
suppression  (Collet  et  al.,  1990;  Ryan  et  al.,  1991; 
Veuillet  et  al.,  1991).  Collet  et  al.  (1990)  and  Veuillet 
et  al.  (1991)  presented  linear  clicks  at  average  intensities 
of  60-63  dB  peak  SP  and  compared  emissions  to  those 
obtained  with  contralateral  broad-band  noise  ranging 
from  0  to  50  dB  SPL.  Noise  levels  from  30  to  50  dB 
SPL  significantly  reduced  the  amplitude  of  the  emis¬ 
sions  and  no  significant  changes  were  observed  for 
noise  levels  below  30  dB  SPL.  Ryan  et  al.  (1991)  re¬ 
ported  suppression  of  clicks  with  broad-band  noise  at 
50  dB  SL  (sensation  level,  or  dB  above  threshold)  and 
some  subjects  where  20  dB  SL  noise  produced  suppres¬ 
sion.  In  our  experiment,  20  dB  SL  would  have  been 
about  48  dB  SPL. 

4.3.  TEOAE  amplitude  and  its  relation  to  suppression 
amplitude 

Increases  in  stimulus  level  within  subjects  result  in 
monotonic  increases  in  emission  amplitude  with  satura¬ 
tion  at  higher  intensities  (Wit  and  Ritsma,  1979;  Kemp 
and  Chum,  1980;  Zwicker,  1983;  Zwicker  and  Schloth, 
1984).  We  attribute  part  of  the  non-monotonic  in¬ 
creases  in  the  “without-noise”  clicks  to  the  use  of  dif¬ 
ferent  subjects  at  each  of  the  click  levels.  Although  all 
subjects  had  normal  hearing  thresholds  and  no  middle 
ear  problems,  there  is  considerable  variability  among 
subjects  in  emission  amplitude,  attributable  to  a  num¬ 
ber  of  factors,  including  age  and  gender.  Males  and 
females  were  included  in  each  group  and  the  mean 
age  of  each  group  was  similar.  Analysis  of  age  relative 
to  emission  amplitude  did  not  show  any  consistent 
trends.  While  a  slight  trend  toward  more  suppression 
with  higher  emission  amplitude  was  noted,  examination 
of  the  scatterplots  and  the  correlations  suggest  .difficulty 
in  predicting  one  value  from  the  other.  These  data  sug¬ 
gest  that  the  absolute  amplitude  of  the  emissions  is  not 
strongly  related  to  suppression  amplitude  (see  Fig.  5). 


118 


L.J.  Hood  el  al.  I  Hearing  Research  101  (1996)  113-118 


4.4.  Possible  influence  of  the  middle  ear  muscle  reflex 
and  acoustic  crossover 

Greater  suppression  with  lower  intensity  level  stimuli 
decreases  the  likelihood  that  the  middle  ear  muscle  re¬ 
flex  is  the  primary  explanation  for  the  suppression  ob¬ 
served  in  this  experiment.  While  the  status  of  the  middle 
ear  system  clearly  affects  otoacoustic  emission  ampli¬ 
tude,  several  investigators  have  argued  against  a  major 
role  of  the  middle  ear  muscle  reflex  in  suppression  and 
have  demonstrated  suppression  in  patients  with  severed 
stapedius  muscles  and  in  patients  with  impaired  func¬ 
tion  of  the  facial  nerve  (Collet  et  al,  1990;  Veuillet  et 
al.,  1991;  Berlin  et  al.,  1993b). 

Acoustic  crossover  of  the  contralateral  suppressor 
noise  is  also  unlikely  since  the  insert  earphones  used 
in  this  study  have  interaural  attenuation  of  60-90  dB 
(Killion  et  al.,  1985),  with  greater  attenuation  in  the 
lower  frequencies.  The  minimal  contribution  of  cross¬ 
over  is  consistent  with  transcranial  attenuation  meas¬ 
urements  of  75  dB  reported  by  Ryan  et  al.  (1991)  and 
the  lack  of  interference  by  80  dB  SPL  noise  reported  by 
Collet  et  al.  (1990). 

4.5.  Clinical  measurement  of  contralateral  suppression  of 
TEOAEs 

Based  on  the  observations  in  this  study  of  maximal 
suppression  for  55,  60  and  70  dB  clicks  with  varying 
noise  levels  and  maximal  suppression  for  55  and  60  dB 
clicks  with  a  constant  noise  level,  we  now  measure  sup¬ 
pression  of  transient  evoked  otoacoustic  emissions 
using  linear  clicks  at  55  or  60  dB  peak  SP  with  the 
overall  intensity  level  of  the  noise  set  5  dB  higher 
than  the  click.  We  avoid  70  dB  clicks  to  minimize  the 
risk  of  major  participation  of  the  middle  ear  muscle 
reflexes.  We  use  60  dB  peak  SP  clicks  and  65  dB  SPL 
white  noise  when  control  emissions  obtained  at  55  dB 
peak  SP  are  less  than  2  or  3  dB  SPL  in  overall  ampli¬ 
tude.  With  these  test  parameters,  we  believe  that  we  are 
able  to  maximize  study  of  suppression  of  TEOAEs  by 
contralateral  noise  while  minimizing  contamination  by 
acoustic  crossover  and  the  middle  ear  muscle  reflex. 
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12  6  Chronic  low-level  noise  exposure  alters  distortion  product 
otoacoustic  emissions 

*R.A.  Skellett,  J.R.  Crist,  M.  Fallon,  R.P.  Bobbin  (Kresge  Hearing  Research 
Lab.,  LSUMC,  New  Orleans ) 

Chen  et  al.  (Hear.  Res.  in  press,  1995)  recently  reported  an  altered  response  to 
the  application  of  ATP  in  outer  hair  cells  (OHCs)  isolated  from  guinea  pigs 
continuously  exposed  for  10  or  1 1  days  to  a  65  dB  SPL  (A-scale)  narrowband 
noise  (1.1  -  2  kHz).  The  primary  goal  of  the  present  study  was  to  test  the 
hypothesis  that  the  continuous  low-level  noise  used  by  Chen  et  al.  alters  cochlear 
function.  Cubic  (2frf2)  and  quadratic  (f2-f[)  DPOAEs,  as  well  as,  the  amount  of 
contralateral  suppression  of  DPOAE  amplitudes  were  chosen  for  study. 
Responses  were  recorded  in  urethane-anesthetized  guinea  pigs  with  sectioned 
middle  ear  muscles.  The  animals  had  either  been  exposed  to  the  low-level  noise 
for  3  or  1 1  days  or  not  exposed  at  all  (n  =  13  animals  per  group).  Results 
demonstrate  that  this  noise  induces  frequency-dependent  and  very  localized 
reductions  in  2frfz  DPOAE  input-output  functions.  However,  the  f2-fi  DPOAE 
input-output  functions  and  the  time-varying  amplitude  characteristics  of  f2-fi 
DPOAE  appear  to  be  insensitive  to  the  noise  exposure.  No  noise-related  changes 
were  found  in  the  amount  of  contralateral  suppression  between  the  different 
exposure  groups,  with  the  exception  of  one  unexplainable  data  point  (f2-fi 
DPOAE  =  0.5  kHz;  day  3)  where  it  was  reduced.  The  2frf2  DPOAE  amplitude 
alterations  lend  support  to  the  conclusions  of  Chen  et  al.  that  chronic  low-level 
noise  exposure  induces  molecular  changes  in  the  OHCs  which  may,  in  turn,  alter 
cochlear  function. 

DAMD  17-93-V-3013.  AASERT  DAAH04-94-C-01 1 1,  NIH  P0I-DC00379, 
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13  6  “Conditioning”  the  auditory  system  with  continuous  vs. 

interrupted  noise  of  equal  acoustic  energy:  Is  either  exposure  more 
protective? 

*R.A.  Skellett,  M.  Fallon,  R.P.  Bobbin  ( Kresge  Hearing  Research  Lab., 
LSUMC,  New  Orleans) 

The  temporal  pattern  of  noise  exposure  is  an  important  factor  which  affects 
both  the  magnitude  of  cochlear  damage  and  the  pattern  of  auditory  sensitivity 
change  over  time.  Continuous  noise  exposure  is  more  damaging  to  the  cochlea 
than  an  interrupted  exposure  of  equal  energy  (Bohne  et  al„  Ann  Otol.  Rhinol. 
Laryngol.  94:  122,  1985;  Fredelius  and  Wersail,  Hear.  Res.  62:  194,  1992). 
Continuous  noise  exposure  results  in  a  pattern  of  sensitivity  change  referred  to  as 
an  asymptotic  threshold  shift  (ATS;  Carder  and  Miller,  J.  Speech  Hear.  Res.  15: 
603,  1972).  Interrupted  noise  exposure  results  in  a  progressive  resistance  to 
threshold  shift  known  as  "toughening"  (Clark  et al.,  J.  Acoust.  Soc.  Am.  82:  1253, 
1987;  Subramaniam  et  al.,  Hear.  Res.  52:  181,  1991).  Both  exposure  schedules 
have  been  used  in  "conditioning"  experiments  and  both  have  been  effective  in 
providing  protection  against  subsequent  traumatizing  noise  (Canlon  et  al..  Hear. 
Res.  34:  197,  1988;  Campo  et  al.,  Hear  Res .  55:  195,  1991).  The  purpose  of  this 
investigation  is  to  determine  if  differences  exist  in  the  amount  of  protection 
afforded  by  prior  "conditioning"  of  the  auditory  system  with  continuous  or 
interrupted  noise  of  equal  acoustic  energy. 

Guinea  pigs  were  "conditioned"  with  an  octave  band  of  noise  (1-2  kHz)  for  24 
hours  per  day  for  1 1  days  at  89  dB  SPL  (n=14)  or  for  6  hours  per  day  for  1 1 
days  at  95  dB  SPL  (n=14).  After  a  one  week  rest  period,  both  groups  were 
continuously  exposed  for  3  days  to  the  same  noise  spectrum  at  105  dB  SPL.  A 
third  group  of  animals  (n=14)  was  only  exposed  to  the  high-level  exposure.  All 
animals  were  given  4  weeks  to  recover  from  the  high-level  exposure.  Cubic 
(2f|-f:)  DPOAEs  were  then  recorded  in  urethane-anesthetized  guinea  pigs  with 
sectioned  middle  ear  muscles. 

Preliminary  results  suggest  that  an  interrupted  "conditioning”  noise  may  provide 
more  protection  against  subsequent  damaging  exposures  than  a  continuous 
exposure  of  equal  acoustic  energy.  However,  the  results  obtained  thus  far  are 
not  conclusive  and  require  further  experimentation  to  determine  if  statistically 
significant  differences  exist  between  the  two  exposure  groups. 

DAMD  I7-93-V-3013.  AASERT  DAAH04-94-G-01 1 1.  NIH  P01-DC00379, 
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52  6  ATP  does  not  generate  a  current  response  in  outer  hair  cells  of  rat 
cochlea 

*C.  Chen,  C.S.  LeBlanc,  R.P.  Bobbin  (Kresge  Hearing  Research  Lab., 
LSUMC,  New  Orleans) 

Increasing  evidence  suggests  that  ATP  may  act  as  a  neurotransmitter  and/or 
modulator  in  the  mammalian  cochlea  (Kujawa  et  al.  Hear.  Res.  78:181,  1994). 
Extracellular  application  of  ATP,  related  agonists,  and  ATP  antagonists 
significantly  affect  cochlear  potentials  in  guinea  pig.  In  isolated  outer  hair  cells 
(OHCs)  of  guinea  pig,  ATP  depolarizes  the  cell  membrane  by  inducing 
non-selective  cation  currents.  However,  nothing  is  known  about  the  effect  of 
ATP  on  rat  OHCs.  The  purpose  of  the  present  study  was  to  compare  the  ATP 
response  in  OHCs  from  guinea  pig  to  the  ATP  response  in  OHCs  from  rat.  The 
whole-cell  configuration  of  the  patch-clamp  technique  was  used.  OHCs  were 
isolated  from  pigmented  guinea  pigs  and  Sprague  Dawley  rats.  Extracellular 
application  of  100  p.M  ATP  or  ATP-y-S  induced  a  large  inward  current  in  OHCs 
of  guinea  pig  recorded  at  -60  and  -100  mV.  The  same  concentration  of  ATP  or 
ATP-y-S  did  not  induce  any  detectable  response  in  rat  OHCs  at  -60  mV  or  at 
-100  mV.  However  in  these  same  rat  OHCs,  100  p.M  ACh  induced  an  inward 
current  at  -100  mV  and  an  outward  current  at  0  mV.  When  K*  was  substituted 
by  N-methyl-glucamine  (NMG*)  in  the  pipette  soludon,  no  current  was  induced 
in  rat  OHCs  by  ATP.  Adenosine,  AMP  and  ADP  did  not  produce  a  response  in 
rat  or  guinea  pig  OHCs.  In  both  rat  and  guinea  pig,  ATP  produced  a  very  large 
inward  current  in  supporting  cells  closely  associated  with  the  OHCs.  Our  results 
suggest  that  there  may  be  no  or  very  few  ATP  receptors  in  OHCs  of  rat  cochlea. 
This  is  in  contrast  to  guinea  pig  cochlea  where  ATP  receptors  on  OHCs  appear 
to  be  large  in  number.  On  the  other  hand,  supporting  cells  in  both  rat  and  guinea 
pig  seem  to  have  a  similar  number  and  type  of  ATP  receptors. 
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771  Differences  in  the  degree  of  protection  provided  by  interrupted  vs. 
continuous  sound  conditioning 

*RA.  Skellett  (Kresge  Hearing  Research  Lab.,  LSUMC,  New  Orleans);  J.K. 
Cullen  (LSU,  Baton  Rouge);  M.  Fallon,  R.P.  Bobbin  ( Kresge  Hearing 
Research  Lab.,  LSUMC,  New  Orleans) 

Prior  exposure  to  moderate-level  acoustic  stimulation  (conditioning)  can 
reduce  and/or  prevent  the  deleterious  effects  of  subsequent  higher  level 
exposures  ( Canlon  et  ai,  1988;  Campo  el  al.,  1991).  Both  continuous  and 
interrupted  schedules  of  moderate-level  noise  have  been  used  as  conditioning 
exposures,  and  both  schedules  have  been  effective  in  providing  protection 
against  subsequent  noise  trauma.  The  purpose  of  this  study  is  to  test  the 
hypothesis  that  differences  exist  in  the  amount  of  protection  provided  by  prior 
sound  conditioning  with  continuous  vs.  interrupted,  moderate-level  noise  of  equal 
acoustic  energy. 

Guinea  pigs  were  conditioned  with  an  octave  band  of  noise  (1-2  kHz)  for  24 
hours  per  day  for  11  days  at  89  dB  SPL  or  for  6  hours  per  day  for  11  days  at  95  dB 
SPL.  After  a  one  week  rest  period,  both  groups  of  "conditioned"  arumals  were 
continuously  exposed  for  three  days  to  a  105  dB  SPL  noise  with  the  same 
spectral  characteristics.  Another  group  of  animals  was  exposed  only  to  the  105 
dB  SPL  noise.  All  animals  exposed  to  the  high-level  noise  were  given  4  weeks  to 
recover.  Differences  in  the  amount  of  protection  were  determined  by 
monitoring  the  changes  in  cubic  (2fi-f;)  distortion  product  otoacoustic  emission 
(DPOAE)  amplitude  growth  functions. 

Results  suggest  that  there  axe  significant  differences  in  the  degree  of 
protection  provided  by  prior  sound  conditioning  with  the  continuous  and 
interrupted  schedules  of  moderate-level  noise  used  in  this  study.  Specifically, 
the  interrupted  conditioning  protocol  appears  to  afford  some  degree  of 
protection  against  the  damaging  effects  of  the  traumatizing  noise  exposure. 
However,  the  frequency  region  protected  is  limited  to  frequencies  above  the 
•noise  exposure  band.  Conversely,  there  is  a  lack  of  any  consistent  and  sizable 
protective  effect  found  across  the  entire  test  frequency  range  for  the  continuous 
conditioning  protocol.  Therefore,  while  neither  conditioning  protocol  was 
effective  in  providing  protection  in  the  low  frequency  range  (frequencies 
encompassing  the  noise  exposure  band  and  extending  down  to  1/2  octave  below 
the  lower  cutoff  frequency),  the  interrupted  sound  conditioning  protocol  was 
more  effective  than  the  continuous  conditioning  protocol  in  the  frequency  region 
above  that  of  the  noise  exposure  band. 
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I  5  4  I  The  ATP  antagonist,  suramin,  prevents  the  time  related  decrease 
of  the  quadratic  (f2-ft)  otoacoustic  distortion  product 

*R.P.  Bobbin,  C.  Chen,  RA.  Skellett,  M.  Fallon  (Kresge  Hearing  Research 
Lab.,  LSUMC,  New  Orleans) 

ATP  suppressed  the  cubic  distortion  product  otoacoustic  emission  (DPOAE) 
when  applied  into  the  perilymph  ( Kujawa ,  et  ai,  Hear.  Res.  76,  87-100,  1994). 
The  ATP  antagonist,  cibacron  blue,-  but  not  suramin,  suppressed  the  cubic 
DPOAE  ( Kujawa  et  ai,  Hear.  Res.  78,  181-188,  1994).  Therefore,  we  studied 
the  effects  of  cibacron  blue  and  suramin  on  single  OHCs  and  Deiters'  cells  to 
elucidate  the  mechanisms  of  action  in  suppressing  DPOAEs.  The  actions  of 
suramin  on  quadratic  DPOAEs  were  also  explored.  Drugs  were  applied  to  the 
perilymph  compartment  of  the  guinea  pig  cochlea  in  artificial  perilymph  at  2_5 
microliter/  min.  The  cubic  (2fj-f2  =  5  kHz)  and  quadratic  (fz-fi  =  1.25  kHz) 
DPOAEs  were  elicited  by  equilevel  primaries  (ft  =  6.25  kHz;  f2  =  7.5  kHz). 
Changes  in  the  amplitude  of  the  quadratic  DPOAE  induced  by  continuous  sound 
stimulation  with  the  primaries  (Ll  =  L2  =  60  dB  SPL)  were  recorded  over  time 
( Kujawa  et  ai,  Hear.  Res.  97,  153-164,  1996).  Both  ligand  and  voltage  induced 
currents  were  monitored  using  the  whole-cell  configuration  of  the  patch-clamp 
technique  ( Chen  et  ai,  Hear.  Res.  86,  25-33,  1995). 

Cibacron  blue  (100  micromolar),  but  not  suramin  (100  micromolar),  was  found 
to  reduce  the  outward  K*  current  in  Deiters'  cells  and  increase  the  K+  current  in 
OHCs.  Both  antagonists  (100  micromolar)  suppressed  the  current  induced  by 
5-10  micromolar  ATP  in  Deiters’  cells  and  OHCs.  The  time  related  decrease  of 
the  quadratic  DPOAE  induced  by  continuous  sound  stimulation  with  60  dB  SPL 
primaries  was  reversibly  prevented  by  suramin  (100  micromolar).  Suramin  also 
increased  the  subsequent  input/output  function  of  the  quadratic  DPOAE. 
Results  suggest  that  endogenous  ATP  acting  on  receptors  on  Deiters'  cells  and/or 
OHCs  may  contribute  to  the  time  related  decrease  of  the  quadratic  DPOAE 
induced  by  continuous  sound  stimulation.  Also,  some  of  the  effects  of  cibacron 
blue  on  the  cubic  DPOAE  reported  earlier  may  have  been  due  to  the  effect  of 
cibacron  blue  on  K*  currents. 
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Adenosine  triphosphate  (ATP) 


induces  outer  hair  cell  death 


*S.H.B.  Chu,  M.  Fallon,  RA.  Skellett,  J.  Cambell,  C.S.  LeBlanc,  R.P.  Bobbin 
(Kresge  Hearing  Research  Lab.,  LSUMC,  New  Orleans) 

Adenosine  Triphosphate  (ATP)  concentration  in  storage  granules  within  cells 
has  been  reported  to  be  greater  than  1  M  ( Gordon ,  J.L,  Biochem  J.  233, 
309-319,  1986).  Activation  of  ATP  receptors  on  outer  hair  cells  (OHQ  leads  to 
a  rapid  volume  loading,  and  potential  death  ( Housley  et  al..  Active  Hearing,  ed. 
Flock,  A.,  Ottoson,  D.  and  Ulfendahr,  M.,  Pp.  221-238,  1995).  It  is  hypothesized 
that  within  the  cochlea,  an  influx  of  ATP  into  the  extracellular  space  of  the 
organ  of  Corti  may  be  the  cause  of  noise-induced  OHC  death.  The  purpose  of 
this  study  is  to  ascertain  whether  ATP  causes  OHC  death  in  vivo  and  in  vitro. 

In  vivo,  ATP  (60  mM)  or  sodium  gluconate  (60  mM)  was  applied  to  the 
perilymph  compartment  of  the  guinea  pig  cochlea  in  artificial  perilymph  at  2.5 
jil/min  for  2  hrs  and  the  animals  allowed  to  recover  from  the  surgery.  Cubic 
(2f i-f-)  'distortion  product  otoacoustic  emissions  (DPOAE)  and  cochlear 
potentials  (cochlear  microphonics,  compound  action  potential)  were  monitored 
2-3  weeks  after  drug  delivery.  In  vitro,  isolated  OHCs  were  placed  into  a  100  jil 
drop  of  external  medium  and  continuously  perfused  with  additional  medium  at  a 
rate  of  100  ptl/min.  Drugs  were  applied  isosmotically. 

In  vivo,  2-3  weeks  later,  cochlear  potentials  and  DPOAEs  could  be  recorded 
from  sodium  gluconate  treated  cochlea,  but  not  ATP  treated  cochlea.  In  vitro, 
sodium  gluconate  (30mM)  did  not  significantly  affect  OHCs,  whereas,  ATP  (30 
mM)  caused  OHCs  to  either  burst  or  leak  out  their  cellular  contents  thus, 
becoming  visually  "ghostly."  The  bursting  was  only  at  the  apical  end  of  the  cell, 
just  below  the  cuticular  plate.  This  is  in  contrast  to  cell  bursting  at  the  basal  end 
caused  by  hypotonic  solutions.  At  20  mM,  ATP  caused  cell  death  in  short  (<70 
pm)  OHCs,  but  not  in  long  (>70  jam)  OHCs  At  10  mM,  1  mM,  and  100  p.M 
concentrations,  ATP  only  caused  cell  shortening,  but  not  cell  death. 

Results  demonstrate  that  at  relatively  high  concentrations,  ATP  causes  cell 
death.  These  concentrations  may  be  present  in  the  extracellular  space  during 
intense  noise  exposure.  Future  studies  may  be  able  to  utilize  ATP  antagonists  to 
prevent  noise  induced  hearing  loss. 

_  Supported  by  NIH  grant  POI-DC00379,  DAMD  17-93-V-3013, 

Kam's  Fund  for  Hearing  Research,  and  the  Louisiana  Lions  Eye  Foundation 


